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ABSTRACT

Polycrystalline ceramic scintillators have received increasing attention due to a
number of advantages over single crystals, including faster production and lower
fabrication costs and easier fabrication of materials with high melting temperatures.
Nevertheless, scintillation performance of polycrystalline ceramics is commonly inferior
to single crystals. In the present work, a detailed comparative investigation of the family
of garnet scintillators in the form of polycrystalline ceramic and single crystal
scintillators was performed in terms of their microstructure, as well as optical and
luminescent properties, to gain insight into the factors influencing their scintillation
performance. The use of infrared vibrational spectroscopy to gain relevant
microstructural information was demonstrated for polycrystalline ceramic scintillators.
The investigation was focused on Y3Al5O12:Ce (YAG:Ce), Lu3Al5O12:Ce (LuAG:Ce),
Lu3Al5O12:Pr (LuAG:Pr), mixed garnets (Lu,Gd)3(Al,Ga)5O12:Ce, and Li7La3Zr2O12:Ce
(LLZO:Ce). Evaluation and analysis of material properties revealed reasons for lower
performance of polycrystalline ceramic scintillators including lower optical transparency,
higher level of structural disorder, higher self-absorption, and possibly shallower traps.
This work reports for the first time a systematic evaluation of microstructure,
luminescence, and scintillation performance of (Lu,Gd)3(Al,Ga)5O12:Ce in the form of
polycrystalline ceramics focusing on the effect of the substitution of Lu3+ with Gd3+, and
also the fabrication and characterization of luminescent properties of Ce-doped
Li7La3Zr2O12 towards the discovery of new scintillating materials.
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CHAPTER ONE
INTRODUCTION

1.1 Objectives
Scintillators are unique materials capable of emitting ultraviolet and visible photons upon
absorption of high energy ionizing radiation. They are employed for the detection and
measurement of ionizing radiation in many strategic fields including security, medical imaging
and diagnostics, environmental monitoring, high-energy physics, and oil logging [1]. While
many scintillation detectors use single crystals due to their high luminosity, polycrystalline
transparent ceramic scintillators have received considerable attention as a feasible alternative due
to such advantages as faster and lower cost fabrication methods, higher homogeneity of the
dopant (luminescent center) distribution, greater shape control, and easier fabrication of
materials with high melting temperature (preparation of polycrystalline ceramics does not require
melting of raw materials unlike the preparation of single crystals) [2]. However, despite the
aforementioned benefits, the overall scintillation performance of polycrystalline ceramics is
typically inferior to that of single crystals, and the reasons for this behavior are still not fully
understood. Microstructure-luminescence/scintillation property relationships are necessary for
improving performance of polycrystalline scintillators.
This research corresponds to a detailed investigation of the microstructural and
scintillation features of polycrystalline ceramic scintillators in order to better understand factors
influencing scintillation behavior with particular emphasis on the light yield. The investigation is
focused on garnet and garnet-type materials: Y3Al5O12:Ce (YAG:Ce), Lu3Al5O12:Ce (LuAG:Ce),
Lu3Al5O12:Pr (LuAG:Pr), (Lu,Gd)3(Al,Ga)5O12:Ce solid solutions, and Li7La3Zr2O12:Ce
(LLZO:Ce). YAG:Ce is commonly used as a detector in scanning electron microscopy (SEM)
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and transmission electron microscopy (TEM) [3, 4]; LuAG:Ce and LuAG:Pr are promising
scintillators for the next generation of positron emission tomography (PET) scanners [5-7].
Additionally, (Lu,Gd)3(Al,Ga)5O12:Ce is an excellent example of composition engineering,
where gallium is used to control the band-gap and gadolinium is used to adjust the position of
energy levels of the luminescence center, aiming at the enhancement of the light yield [8], and
LLZO:Ce is investigated as a new material for potential scintillation applications.
This research has the potential to bridge the knowledge gap between the microstructure
of polycrystalline scintillators with their scintillation performance. As a result, the fabrication of
polycrystalline ceramic scintillators with comparable or even superior performance relative to
the single crystal analogy may be achieved.
1.2 Basic principles of scintillation mechanism
The main idea of the scintillation mechanism is the conversion of energy of an incident
particle (alpha or beta particles) or energetic photon (X-ray or γ-ray) into a large number of
photons of much lower energy in the visible or ultraviolet range. These lower energy photons can
be detected using a photodetector (photomultiplier, photodiode), and the combination of a
scintillator with a photodetector is called a scintillation counter [1, 9]. Depending on the
application and the type of ionizing radiation being detected, the scintillator may be in the form
of a single crystal [10, 11], powder [12], polycrystalline ceramic [13, 14], fiber [15, 16], glass
[17], liquid [18], or plastic [19]. The present work is focused on ceramic scintillators and, thus,
the discussion on the mechanism of scintillation is restricted to inorganic solid scintillators.
An inorganic scintillator can be intrinsic or extrinsic, depending on whether or not the
host matrix includes a luminescent dopant known as the activator. An intrinsic scintillator has
inherent luminescent centers, i.e., a specific element in the compound, while an extrinsic
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scintillator has a dopant intentionally incorporated in the material to promote luminescence (e.g.
Ce3+ and Pr3+ ions). A schematic energy diagram of an inorganic extrinsic scintillator is shown in
Figure 1.1. Since scintillators are primarily insulating materials, all electrons are bound to the
atoms of the material, creating a filled valence band. At the same time, the higher energy
conduction band is able to accommodate energetic electrons which are able to move freely
throughout the material. An intermediate region between these two bands represents a zone
which electrons are forbidden to occupy in a pure crystal and is known as the band gap. Since the
band gap of the insulators is typically several electron-volts (eV), electrons promoted to the
conduction band would directly de-excite to the valence band emitting photons outside the
visible light range, which are inefficiently detected by photodetectors. Thus, a luminescent center
is commonly introduced in a material, where it forms localized energy states within the band
gap.
The mechanism of scintillation can be divided in the following stages (see Figure 1.1):
1. Absorption of the incident ionizing radiation and creation of electron-hole pairs.
The scintillation process starts with the absorption of incoming high-energy photons by
the electrons in the material matrix. These photons interact with the electrons through one of
three mechanisms: the photoelectric effect (photon transfers its energy to the electron, ejecting it
from one of the shells of the absorber atom), Compton scattering (photon is scattered off of an
electron of the material transferring part of its energy to the electron), and pair production (the
energy of a photon converted into an electron-positron pair in the vicinity of an atomic nucleus;
however, this mechanism has significant probability to occur only at very high energies (<2
MeV) and, it is not considered in this work) [17]. The electrons that are excited from the valence
band into the conduction band of the material due to absorption of energy from photons or
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particles of ionizing radiation are known as primary electrons. The primary electrons are ejected
from the parent atoms with considerable kinetic energy, leaving behind holes in the normally
filled valence band and forming the electron-hole (e-h) pairs. These primary electrons then
proceed to collide with other electrons in the scintillator, ejecting additional electrons and
generating additional e-h pairs. The process continuous in a cascading manner until the energy of
the ejected electrons no longer exceeds the energy threshold required to eject any further
electrons from atoms of the host material. As a result, tens of thousands of e-h pairs are
generated [1, 9].
2. Thermalization of the electron-hole pairs.
The generated e-h pairs lose their energy through phonon generation and heat transfer,
until the electrons reach the bottom of the conduction band and the holes correspondingly reach
the top of the valence band.
3.1. Motion of the charge carriers through the material towards the luminescent center.
3.2. Potential trapping of the electrons and holes.
During their motion through the scintillator, the electrons and/or holes can be captured by
electronic traps and are no longer available for radiative recombination. These traps correspond
to the electronic manifestation of structural defects in the material, e.g., vacancies, interstitials,
impurities, etc., that commonly create local energy levels within the band gap. The presence of
these traps is highly detrimental to the scintillation performance since they diminish the
scintillation output by capturing the charge carriers [20, 21].
4. Transfer of energy from the electron-hole pairs to the luminescent centers and their
excitation.
5. De-excitation of the luminescent center with an emission of light.

4

Figure 1.1. Schematic of the band structure of an inorganic scintillator and the scintillation
process at an extrinsic luminescent center.

1.3 Development of ceramic scintillators
Inorganic materials can be characterized by many important features but one of the most
prominent ones is the degree of structural order. In that regard, two extreme groups can be
emphasized: amorphous and crystalline materials. Crystalline materials can further be broken
into two types, single crystals and polycrystalline ceramics. A perfect single crystal possesses
translational symmetry and no internal interfaces, while polycrystalline ceramics are essentially
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an arrangement of small single crystals (grains) that are randomly oriented throughout the
material and separated by the grain boundaries [22].
Due to the high optical quality together with the development of photomultiplier tube
(PMT) technology [23], single crystals began to be actively used as scintillators in the late 1940s
with the introduction of NaI:Tl and CsI:Tl [24, 25]. Since that time, a large number of single
crystals with a variety of dopants have been reported for scintillation applications [26, 27].
However, despite the great performance of monocrystalline scintillators, it is challenging to grow
bulk single crystals due to the high melting temperature, stoichiometry issues with the possible
loss of volatile species, or chemical stability (e.g. hygroscopicity) [2, 27]. Moreover, not all
compounds can be grown as bulk single crystals with reasonably large dimensions at an
affordable manufacturing cost [2]. In some cases, the homogeneity of the activator cannot be
successfully achieved. Meanwhile, polycrystalline ceramics offer a variety of advantages over
single crystals, including easier fabrication of materials with high melting temperatures and
faster and lower cost fabrication methods (due to the absence of melting of raw materials), higher
homogeneity of the dopant distribution, and greater post-fabrication shape control (due to the
polycrystalline nature). Therefore, polycrystalline ceramics have been under development as an
alternative to single crystals. The technology of optical (transparent or translucent)
polycrystalline ceramics was developed in the 1960s for lighting applications [28, 29], and was
further expanded in the 1990s, when Nd-doped Y3Al5O12 (YAG) polycrystalline ceramics began
to be used in solid-state laser optics instead of single crystals due to comparable properties and
lower manufacturing cost [30, 31]. Development of scintillating polycrystalline ceramics started
in the 1980s and was driven by demands of computed tomography (CT) for medical imaging [32,
33]. The first scintillating ceramics were simultaneously created by Hitachi Ltd. [33, 34],
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developing Gd2O2S2:Pr,Ce,F for X-ray CT detectors, and by General Electric Corporation [13,
35], when (Y,Gd)2O3:Eu was introduced, tailored-made for high performance medical detectors.
As a result, in the early 1990s research was focused on manufacturing and characterizing
(Y,Gd)2O3:Eu, Gd2O2S:Pr,Ce,F as well as, Gd3Ga5O12:Cr,Ce polycrystalline ceramics [36]. It is
important to notice that the scintillation time response of these ceramics was in the microsecondto-millisecond time scale, which is relatively slow for scintillators. Thus, in order to satisfy
demands for scintillators with nanosecond response time, research focus turned to the family of
Ce3+ and Pr3+ activated garnet-based materials.
1.4 Development of garnet scintillators
One of the most investigated representatives of the garnet family is yttrium aluminum
garnet (Y3Al5O12 or YAG) doped with Ce3+. This luminescent material has an intense research
history and a wide variety of applications. The first reference to the crystal structure analysis of
Y3Al5O12 goes back to the 1928 review on the structures of rare earth aluminum garnets, where
the crystallographic structure of YAG and other rare earth aluminum garnets was established as
the body centered cubic lattice with space group symmetry Ia3d [37]. In the 1960s, it has been
proposed to use this garnet as a new phosphor for flying-spot cathode ray tubes due to its short
decay time and high luminescence efficiency [38, 39]. An early study of the Ce3+ fluorescence
decay kinetics in the YAG matrix [40] showed the appearance of thermal quenching only at ca.
550 K. Consequently, at room temperature the 5d → 4f transition of Ce3+ center showed a
potential for fast and efficient scintillation in the YAG host. By the end of the 1970s, the
important aspects of the luminescence properties and luminescence quenching of Ce3+ in YAG
were published [41, 42], and a detailed description of YAG:Ce single crystals was reported: it
has relatively low density and effective atomic number (i.e. weighted average of the atomic
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numbers of the elements in the compound; ρ = 4.56 g/cm3, Zeff = 32.0) but exhibits high light
yield (20000-28000 photons/MeV), short decay time (90-100 ns) [27, 43], and good energy
resolution of 6-7 % at 662 keV [27]. The mentioned properties (short decay time and high light
yield) together with peak emission at 550 nm made this material suitable for use as detectors in
scanning electron microscopes (SEM) [44] and as yellow-green emitting scintillators for
potential applications of high-energy physics [43, 45]. Since this material showed a long
wavelength excitation band peaked at ca. 460 nm, it also received some attention as an absorber
of mercury-plasma lines in the blue/violet region of the spectrum in low-pressure Hg-vapor
discharge lamps [46]. At the beginning of the 21st century, YAG:Ce received renewed interest as
a material for luminescent imaging screens [47-49], including cathodoluminescent (CL) imaging
screens in transmission electron microscopes (TEM) [50], due to the well-defined optical
properties, such as homogeneity of the CL emission, and the possibilities of quite precise and
even complex shaping. Most recently, attention was brought to the material as a suitable
phosphor for white-light emitting LED sources, where part of the blue light from the LED is
absorbed by YAG:Ce and converted into yellow light, and the combination of blue and yellow
gives a bright white light source [51, 52].
The garnet structure appears very flexible for cation substitution [53], which should, in
principle, favor the preparation of YAG:Ce crystals with homogeneous cerium distribution as
Ce3+ substitutes for the Y3+ cation. However, the same feature also results in easier
compositional defect formation, and small fractions of Ce and Y can be found at antisite
positions, switching places with aluminum (CeAl and YAl). Only in the mid-2000s were these
defects reported to be present in YAG single crystal due to the high temperature required for
growth of the crystals and are considered to be one of the main reasons for the lower-than-

8

theoretical light yield. Emission at ca. 300 nm and the dominant thermoluminescence peak at 92
K associated with shallow electron traps were related to YAl antisite defects [54, 55], and CeAl
has been predicted to have the second lowest formation energy after YAl based on atomic scale
simulation techniques [56].
In the late 1990s, polycrystalline ceramic YAG:Ce was reported for the first time [57,
58], and further research and development improved the quality and performance of the ceramic,
making it increasingly comparable with the single crystal analogy. It was confirmed that YAl
antisite defects are of very low concentration in the polycrystalline structure due to the absence
of the melting of raw materials and lower preparation temperatures [59]. On the other hand, the
light output from the Ce3+-doped polycrystalline YAG was noticeably lower (ca. 30-40 %) than
in the case of the single crystal. The reasons for such behavior are not known but it was proposed
that lower light output can be caused by the deep traps at the surface and interface of the grains
in the polycrystalline ceramic [59]. Some improvements in the light yield were made in the mid2000s, when it was shown that the fabrication of YAG:Ce polycrystalline ceramics with
luminosity similar to that of the single crystals was possible [60, 61]. However, authors report
unknown cerium concentration in the single crystal. Thereby, observed improvement of the
performance of the polycrystalline YAG:Ce relative to the single crystal can be simply related to
the difference in the cerium content. A well-established procedure to make polycrystalline
YAG:Ce with better scintillation performance than the monocrystalline analogy is still absent,
while the reasons for the lower performance of the polycrystalline ceramic YAG:Ce are still
unclear. Figure 1.2 illustrates the evolution of the luminosity of YAG:Ce polycrystalline
ceramics since its first fabrication in 1997 [57, 58, 60-62] and is compared to the luminosity of
single crystals [27, 43, 57, 58, 60, 61, 63]. It can be seen, that to the present time, the average
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value of the most recent results for the light yield of single crystals is ca. 11% higher than those
of the polycrystalline ceramic. In the present work, a comparative investigation of polycrystalline
ceramic and single crystal Y3Al5O12:Ce scintillators was conducted in order to gain a better
understanding of the reasons influencing their scintillation performance.

Figure 1.2. Evolution of the light yield of YAG:Ce single crystals and polycrystalline ceramics
reported in the literature [27, 43, 57, 58, 60-64].

Replacement of yttrium with lutetium in the garnet structure led to an isostructural
compound Lu3Al5O12 (LuAG). Lutetium aluminum garnet exhibits the same crystallographic
structure as YAG [37] but contains a heavier ion, Lu3+, instead of Y3+ resulting in higher density
and effective atomic number (ρ = 6.67 g/cm3, Zeff = 63.0) [65], which is advantageous for the
scintillators in the case of X- and γ-ray detection. As a result, LuAG:Ce was more intensely
studied for scintillation applications than YAG:Ce. Originally, LuAG attracted attention as a
potential material for laser applications and, as early as the late 1960’s, Ce-doped LuAG was
investigated as a fluorescent material for the aforementioned applications [66]. It was shown that

10

the Ce3+ ions in the LuAG matrix exhibit a broad emission band centered around 525 nm at room
temperature and that at low temperature (77 K) fluorescent spectra can be resolved into two
components, which corresponds to the splitting of 4f energy levels of the Ce3+ ions due to the
influence of the host crystal field. This phenomenon is common for scintillators doped with Ce3+,
such as LuAG and YAG. However, this material had not been explored as a potential scintillator
until the 1990s, when applications using ionizing radiation (high energy physics, medical
imaging, security) demanded discovery of new scintillation materials with a fast response time.
Investigation of LuAG:Ce single crystals showed that this material had a decay constant of 60-70
ns [67], which is faster than YAG:Ce but appeared to be significantly slower than the analogous
cubic perovskite LuAlO3:Ce (LuAP:Ce) with the response time of 18 ns and even higher density
of 8.4 g/cm3 [67, 68]. As a result, research focus was mainly directed towards the investigation
of faster and more dense LuAP:Ce crystals. However, by the end of 1990s, it was shown that
fabrication of a pure LuAP single crystal has serious difficulties during crystal growth due to
instability of the perovskite phase and often occurrence of the garnet phase. Moreover, Ce-doped
LuAP showed a decrease in the light yield with increase of the sample size due to self-absorption
[69, 70].
Consequently, by the beginning of the 2000s, the aforementioned undesirable features of
LuAP:Ce resulted in the reinstatement of systematic studies of Ce-doped lutetium aluminum
garnets for the detection of X- and γ-ray radiation [65]. It was shown that, besides the dominant
decay component of about 50-55 ns, LuAG:Ce single crystal exhibits significant amount of light
emission in the scintillation response with slow decay components of around 210 ns and 410 ns
[65] (some sources even report this value up to 600-1000 ns [71]). Based on the
thermoluminescence (TL) analysis at low temperatures (below room temperature), it was
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suggested that point defects and their manifestation as electronic traps in the band gap of
LuAG:Ce crystal resulted in significantly delayed energy transfer to the Ce3+ luminescent centers
[59, 72]. Additionally, it was shown that the radiative electron-hole recombination around the
antisite defects (AD) LuAl (Lu3+ ion at Al3+ lattice site) leads to a luminescence emission at 325
nm with decay time around 540 ns, which excites Ce3+ (excitation is a broad band centered
around 340nm) and leads to the appearance of slow components in the overall decay in
LuAG:Ce [73].
Attempts have been made to improve the performance of LuAG:Ce single crystals [74,
75] and, while individual reports showed high light output of 24000-26000 ph/MeV [75, 76],
typically the value of the light yield for LuAG:Ce crystals has not exceeded 18000 ph/MeV (see
Figure 1.3).
In the mid-2000s, first investigations of LuAG:Ce scintillation polycrystalline ceramics
were reported [77, 78]. Initially, a solid-state reaction method was employed to synthesize the
precursor powder, and cold isostatic pressing of powder compacts and a vacuum sintering
technique were used to fabricate the polycrystalline ceramics [78]. The samples showed no
secondary phase, 70-80 % transmittance, and 99.5 % of the theoretical density. This research was
followed by a study of sol-gel combustion process [79] and a co-precipitation method [80] for
the production of highly sinterable, nanosized LuAG:Ce precursor powders and further sintering
of it into a polycrystalline ceramic. The specimen exhibited typical Ce3+ emission bands,
corresponding to transitions from the lowest 5d excited state to the 4f ground state (2F5/2, 2F7/2);
however, polycrystalline ceramics had a more complicated microstructure due to presence of
grains, grain boundaries, and residual pores, which significantly decreased the optical properties.

12

As a result, many studies were devoted to the development of new fabrication methods of
LuAG:Ce transparent ceramics, including low-temperature vacuum sintering and solid-state
reaction method using nanopowders, in order to increase optical transmittance through the
improvement of the microstructure of the material [81, 82].
Additional investigations focused on improving the light yield of polycrystalline ceramics
[77, 83-85]. It was shown that the fabrication of LuAG:Ce polycrystalline ceramics with
luminosity similar to that of single crystals is possible [83]; however, typically it is 50-70 % of
that of the single crystals [74, 76, 77, 85, 86]. Figure 1.3 illustrates the evolution of the
luminosity of LuAG:Ce polycrystalline ceramics since its first fabrication in 2005 together with
that of single crystals [74, 76, 77, 83-85, 87-90].
Recently, an investigation comparing a LuAG:Ce single crystal with polycrystalline
ceramics prepared in different ways was reported [77]. They showed that, even though fastest
decay time is similar (55 ns and 59 ns for the polycrystal and single crystal, respectively) and
polycrystalline ceramic has higher radioluminescence (RL) intensity, the light yield measured
within a shaping time of 1 µs is about 50 % lower with respect to the single crystal which also
leads to a lower energy resolution (16.2 % and 11.0 % at 511 keV for the ceramic and the crystal,
respectively). This means that at least half of the generated light is emitted at times longer than 1
µs. This result was interpreted as due to a larger number of deeper electronic traps in the
polycrystalline material. Interestingly, TL measurements of the polycrystalline ceramic with
lower light yield suggested the absence of LuAl antisite defects due to the absence of the typical
structure of the glow-curves below 300 K, related to this type of defect. The reasons for the
lesser performance of polycrystalline ceramics remained to be identified, and in this work a
comparative investigation between a LuAG:Ce transparent polycrystalline ceramic and single
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crystal scintillators was performed to gain insight into the factors influencing their scintillation
performance.

Figure 1.3. Evolution of the light yield of LuAG:Ce single crystals and polycrystalline ceramics
reported in the literature [74, 76, 77, 83-85, 87-90]. The dotted line marks the average value of
17510 photons/MeV obtained for single crystals.

In 2005, the search for inorganic scintillators with a fast response led to the investigation
of Pr3+-doped LuAG single crystal [91]. The effort was done in order to obtain faster 5d → 4f
emission with regard to Ce3+ ions. It was discovered that Pr3+ doping in LuAG gives rise to a fast
(ca. 20 ns) and intense 5d → 4f emission peaking at 310 nm. Shorter decay times than in the case
of LuAG:Ce can be achieved since 5d → 4f emission of Pr3+ is characterized by a shorter
wavelength compared to 5d → 4f emission of Ce3+. Shortly after its discovery, a detailed
scintillation characterization of LuAG:Pr single crystals was reported [92]. The relatively high
difference in ionic radius between Lu3+ and Pr3+ (more than 13 %) has been reported to limit the
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incorporation of Pr in single crystals and to lead to considerable inhomogeneity of the dopant.
The maximum of the concentration quenching curve has been found to be only 0.23 at.% in these
crystals. However, it was confirmed that luminescence activation by means of the incorporation
of Pr3+ ions substituting for Lu3+ leads to a fast scintillation decay time of about 20 ns and
emission peak at 320 nm that closely matches the maximum detection efficiency of PMTs. The
light yield of this scintillator has been reported to be 2 to 3 times higher than that of Bi4Ge3O12
(BGO) single crystal. Furthermore, LuAG:Pr achieved outstanding temperature stability, where
the onset of temperature quenching is located above 500 K [93].
In comparison to the Ce-doped LuAG, a slightly lower light yield of 16000-20000
ph/MeV was achieved for LuAG:Pr [94, 95]; however, it was determined that the energy
resolution and linearity of the energy response (absence of non-proportionality) are improved
and found to be one of the smallest among the high-performance complex oxide scintillators [96,
97]. The best value of energy resolution was found to be 4.6 % compared to 5.5 % at 662 keV in
the case of LuAG:Ce [97].
The first report about a transparent polycrystalline ceramic LuAG:Pr was published in
2009 [98]. The ceramic sample reached a high transparency of 70 % above 310 nm, which
matched closely to the results of the single crystal, and both of them showed similar emission
spectra. However, the polycrystalline ceramic sample had about 2.5 times lower light yield and
only 12 % energy resolution compared to 4.6 % for the single crystal at 662 keV. Following this
investigation, research was focused on improving the properties of the ceramic material,
eventually showing the decay time of the LuAG:Pr ceramic comparable to that of the single
crystals [99], and the onset of the concentration quenching at about 1.0 at.% of Pr3+ for the
polycrystalline LuAG:Pr ceramic, which is much higher than 0.23 at.% for LuAG:Pr single
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crystals [100]. It was also shown that too high of a temperature for the typical annealing
treatment of LuAG:Pr ceramics to reinstate oxygen stoichiometry after the hot isostatic pressing
(HIP) potentially causes a transport and aggregation of nanometer pores into bigger clusters
which significantly decreases optical properties of the material [101].
Nevertheless, the light yield and energy resolution were still below the corresponding
values for the single crystal analogy. Light yield of polycrystalline ceramics appeared to be about
30% lower than that of BGO and about 65% lower than that of LuAG:Pr single crystals. The
energy resolution at 511 keV was 15% for LuAG:Pr ceramic, 15% for the BGO crystal and 5%
for the LuAG:Pr crystal [102]. In the case of the single crystals, the degradation was typically
related to antisite defects but, with the example of LuAG:Ce [77], it was stated that antisite
defects are of very low concentration for the polycrystalline ceramics due to a lower fabrication
temperature. However, TL revealed deeper electron traps in the ceramics, which were connected
to the defects at grain boundaries. As a result, the retrapping of electrons at the structural defects
leads to significant degradation of the yield and scintillation response.
Investigation of the deterioration of scintillation characteristics of the ceramics showed
that the antisite defects have low concentration in the polycrystalline LuAG:Pr due to relatively
low sintering temperatures [103]. Harmful effects of sintering aids in the garnet scintillation
ceramics were also shown. These aids behave as impurities in the lattice, introducing local
structural disorder due to radii differences with lattice ions, and can segregate at grain
boundaries. As a result, they induce the creation of point defects, which affect the carrier
migration to luminescent centers (step 3 in Figure 1.1) [103, 104].
Only very recently, the first LuAG:Pr transparent ceramic with higher light yield and
lower energy resolution than the single crystal analog was fabricated [105]. Light yield was ca.
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20% higher when compared to the single crystal under gamma excitation, and energy resolutions
of 4.6 % and 5 % at 622 keV were found for the polycrystalline ceramic and single crystal
LuAG:Pr samples, respectively. However, the characteristics of the single crystal used in the
investigation were lower than previously reported, and better understanding of what aspects of
the ceramic microstructure effect the material performance as a scintillator is still required.
Another important member of the garnet family of scintillators is the Ce- or Pr-doped
multicomponent garnets. Multicomponent garnets have the general chemical formula
RE3(Al,Me)5O12, where RE is a rare-earth element such as Gd, Y, Lu or their mixture and Me is
a metallic element such as Ga, which partially substitutes for Al [2]. Investigation of Y3(Al1x,Gax)5O12

and Lu3(Al1-x,Gax)5O12 single crystals doped with Ce3+ and Pr3+ showed that the

substitution of Al for Ga affects the conduction band of the material by lowering the bottom of
this band, which results in a smaller band gap [106-108]. Therefore, it naturally suppresses the
energy trapping effect of the antisite defects by immersing shallow traps into the conduction
band [109, 110]. However the content of Ga above x = 0.4-0.6 is unfavorable for the light
emission as the bottom of the host conduction band becomes low enough to include 5d level of
Ce3+ or Pr3+ resulting in the absence of luminescence [37, 109]. On the other hand, the addition
of a larger Gd3+ cation into the garnet structure (e.g. (Gd,Y)3(Ga,Al)5O12:Ce and
(Gd,Lu)3(Ga,Al)5O12:Ce single crystals) lowers the position of 5d1 level due to the stronger
crystalline field ensuring the presence of the emission from the luminescent centers [8, 107,
111]. Such manipulations with the composition yielded a single crystal with light yield of ca.
46000 ph/MeV and energy resolution of 4.9 % at 662 keV [112].
Following the research of the multicomponent garnet scintillators in the form of single
crystals, investigation of the multicomponent polycrystalline ceramics was also performed. The
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effort was invested into the study of the Ce-doped (Gd,Y)3(Ga,Al)5O12 polycrystalline ceramic
[19,

113,

114].

First,

the

possibility

of

manufacturing

optically

transparent

(Gd,Y)3(Ga,Al)5O12:Ce ceramics was reported [113], and later, these ceramics were improved to
have higher scintillation performance with a light yield of 50000 ph/MeV and energy resolution
of 4.5-4.8 % at 662 keV [19, 114], which are promising results for X- and γ-ray detectors. Very
recently, the luminescence properties of (Gd,Lu)3(Ga,Al)5O12:Ce powders were also reported and
appeared to be similar to the single crystal analogy [115]. To the best of the author’s knowledge,
only one team reported investigation of (Gd,Lu)3(Ga,Al)5O12:Ce in the form of polycrystalline
ceramics [116, 117]. The work described here extended the multicomponent garnet
polycrystalline ceramic investigation as reported in Chapter 3. Overall, it was shown that
significant improvements were achieved in the fabrication and performance of the garnet
polycrystalline ceramic scintillators. However, there is still limited knowledge of the reasons
affecting the scintillation performance, and further investigation is required. The present work
aims to understand the connection between the microstructural features and the scintillation
performance of the garnet polycrystalline ceramic.
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CHAPTER TWO
EXPERIMENTAL PROCEDURES

2.1 Materials
The following materials were investigated in the present work: Y3Al5O12:Ce (YAG:Ce),
Lu3Al5O12:Ce (LuAG:Ce), Lu3Al5O12:Pr (LuAG:Pr), (Lu,Gd)3(Al,Ga)5O12:Ce (GLuGAG:Ce),
and Li7La3Zr2O12:Ce (LLZO:Ce).
A Czochralski-grown polished YAG single crystal doped with 0.2 mol% of Ce3+ was
purchased from MTI Corporation, Richmond, CA, as a 5 x 5 x 0.5 mm3 plate. YAG:Ce
polycrystalline ceramics were provided by Dr. Ronaldo S. da Silva, Federal University of
Sergipe, Brazil. Y3Al5O12:Ce precursor powder was prepared by the modified polymeric
precursor method [1] using Al(Cl3)3·6H2O (99 % purity), Y(NO3)3·6H2O (99.8 %), and
CeH8O18N8 (99.99 %) as starting materials. Powders were calcined at 1000 °C for 6 hours and
uniaxially pressed at 120 MPa into 4-mm-diameter, 1.2-mm-thick disk-shaped samples [2].
Sintering was done by the previously reported method of laser sintering [3-5]. Sintering was
performed using a CO2 laser (GEM-100L-Coherent) in continuous mode as the main heating
source. The laser beam had a diameter of 5.2±0.5 mm and laser power density was up to 3.3
W/mm2. Total laser sintering time was 11 min [2]. The YAG polycrystalline ceramic prepared
this way had either 0.1 mol% or 0.3 mol% of Ce3+ in the samples. Polycrystalline samples were
opaque and had dimensions of ca. O 3.1 mm x 0.7 mm thick. Six samples of the polycrystalline
ceramics with each Ce concentration were used.
The LuAG:Ce and LuAG:Pr single crystals were courtesy of Dr. Charles L. Melcher,
University of Tennessee, Knoxville, TN and were grown by the Czochralski method using a 60
mm diameter, 60 mm tall iridium crucible that was inductively heated by an 8 kHz power supply.
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Lu2O3, Al2O3, and CeO2 (or Pr6O11) starting materials were at least 99.99 % pure, and the
flowing atmosphere was nitrogen mixed with a small amount of oxygen (ca. 0.25 %) monitored
continuously by a residual gas analyzer [6]. Polished LuAG:Ce (or Pr) crystals with nominal
dopant concentration of 1 % and dimensions of 3.9 x 3.9 x 3.9 mm3 were used in the present
work. The transparent LuAG:Ce polycrystalline ceramic was fabricated by high temperature
vacuum sintering with a nominal composition of Lu2.985Ce0.015Al5O12 (i.e., nominal Ce
concentration = 0.075 at.%). Precursor powders were prepared by the co-precipitation method
using high purity (99.99 %) starting materials and tetraethyl orthosilicate (TEOS) as a sintering
additive. Powders were calcined and uniaxially pressed at 10 MPa, and the pellet was heated at
400 oC, cold isostatically pressed, and sintered at 1800 oC for 10 hours. A polished transparent
ceramic of LuAG:Ce with a 13.5 mm diameter and a 2.9 mm thickness was used in the present
work. LuAG:Pr polycrystalline ceramics doped with 0.18 at.% of Pr (concentration determined
by means of energy dispersive X-ray spectroscopy) were fabricated by high temperature
sintering in air by Matthew R. Marchewka, a former graduate student in Dr. Jacobsohn’s group.
Precursor powders were prepared by the co-precipitation method using Lu2O3 (99.995 % purity),
70 % HNO3, Al(NO3)3 (98 %), and Pr(NO3)3·6H2O (99.9 %) as starting materials. Powder was
calcined at 1000 °C for 2 hours and uniaxially pressed at 28 MPa for 45 sec. Obtained pellets
with dimensions of ca. O 10 mm x 1 mm thick were sintered in air at 1400 °C, 1500 °C, 1600
°C, or 1700 °C for 20 hours resulting in 4 different samples [7].
(Lu3-x, Gdx)(Al0.6, Ga0.4)5O12 polycrystalline ceramics doped with 0.6 % of Ce3+ and
various Gd to Lu ratios (x = 0, 0.15, 0.3, 0.9, 2.1, 3) were provided by Radiation Monitoring
Devices, Inc., (RMD), Watertown, MA. The samples were sintered and some were also hot
isostatically pressed (HIPed). The sample specifications can be seen in Table 2.1. Further details
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of the sample preparation and treatment were not provided due to proprietary nature of the
materials.

Table 2.1. Specifications of Ce-doped (Lu3-x, Gdx)(Al0.6, Ga0.4)5O12 polycrystalline ceramics.
(Lu3-x, Gdx)(Al0.6, Ga0.4)5O12:Ce polycrystalline ceramics
Sample ID

[Gd] content (x value)

Thickness, mm

Diameter, mm

Treatment type

R12

0

2.43

9.62

Sintered only

R15

0.15

1.96

8.80

Sintered only

R16

0.3

1.97

9.24

Sintered only

R17

0.9

2.04

9.23

Sintered only

R26

2.1

1.64

8.84

Sintered + HIPed

R9

3

1.16

9.12

Sintered + HIPed

Li7(La1-xCex)3Zr2O12 (LLZO:Ce) was investigated in the form of powder synthesized via
the solid state reaction method. Powders with a nominal composition of Li7(La1-xCex)3Zr2O12
with x = 0, 0.005, 0.01, 0.03, and 0.05 used the following starting materials: Li2CO3 (99.9 %
purity), La2O3 (99.99 %), ZrO2 (99.7 %), and CeH8N7O15·4H2O (reagent purity). The precursor
powders were ball-milled for 24 hours using yttrium stabilized zirconia (YSZ) grinding balls,
followed by calcination in sealed alumina crucibles at 950 °C for 5 hours in a box furnace. The
ball-milling and calcination steps were repeated a total of 3 times for each sample [8].
2.2 Characterization techniques
2.2.1 X-ray diffraction (XRD)
Crystalline structures and phase purity of powders and ceramic bodies were investigated
by means of X-ray powder diffractometry. The technique is based on generation of X-rays, their
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interaction with the sample, and the collection of the diffracted rays. When X-ray beams incident
on a crystalline solid are diffracted in-phase by the parallel crystallographic planes, as illustrated
in Figure 2.1, constructive interference occurs and a peak in the diffraction pattern is observed.
The deflected beams will be in-phase only when Bragg’s law is satisfied [9]:

nλ = 2d sin θ

(2.1)

where n is an integer number, λ is the wavelength of incident X-ray, d is the spacing between
crystal planes (A and B in Figure 2.1), and θ is the incident angle.

Figure 2.1. Bragg’s relationship between incident and diffracted X-ray beams [10].
Bragg’s law combined with experimental variation of the angle θ and detection of
constructive interference at specific incident angles provide information about spacing between
atomic planes of a crystal (dhkl in Figure 2.1). Since all of the materials investigated in this work
have cubic unit cell, plane spacing is related to the lattice parameter as:
d hkl =

a

(2.2)

h + k2 + l2
2

where a is a lattice parameter, and the Miller indices (hkl) represent a series of parallel planes
with spacing of dhkl.
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Equation (2.2) in combination with equation (2.1) provides a relation between the lattice
parameter and the incident angle for a given wavelength λ of X-rays. It is important to note that
the wavelength of incident radiation must be comparable with the atomic spacing in order for
diffraction to occur. This requirement explains the use of X-rays as incident electromagnetic
waves as the atomic spacing typically falls within the X-ray wavelength range.
X-rays are generated by an X-ray tube, where high-energy electrons are accelerated from
a filament into a metallic target. The target material is typically copper due to short wavelength
of its characteristic X-rays which allows for a relatively large range of plane spacing values to be
detected. As a result of the bombardment of copper with high-energy electrons, electrons from
the inner K shells of the atoms of target material are removed, which results in the creation of
holes. Electrons from outer L and M shells move to fill these holes, leading to the emission of
characteristic Kα (λ = 1.542 Å) and Kβ (λ = 1.392 Å) X-rays, respectively. To maximize the
technique resolution, Kβ X-rays are eliminated by a monochromater before the diffracted X-rays
reach the detector. The Kα X-ray is composed of two separate characteristic X-rays: Kα1 (λ =
1.541 Å) and Kα2 (λ = 1.544 Å). These lines result from transitions between different subshells
within the L shell and the K shell. As the wavelength difference between these two X-rays is
only 0.003 Å, it is difficult to eliminate one of them without great reduction of beam intensity
and, consequently, filtering of one of these Kα lines is rarely done. The emitted X-ray beam is
collimated by thin slits which are comprised of closely spaced metal plates before irradiating the
sample. The X-ray diffractogram is obtained by varying the incident angle θ of the X-ray beam
onto the sample and simultaneously recording the diffraction intensity as a function of the
diffraction angle 2θ. The collection of several diffraction peaks at specific values of 2θ creates a
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unique pattern, which is the “fingerprint” of a material and contains the aforementioned
information about its crystallographic structure [9].
In the present work, X-ray diffraction was obtained with a Rigaku Ultima IV X-ray
diffractometer with Cu Kα radiation (40 kV, 40 mA) (see Figure 2.2). Samples were scanned
over values of 2θ between 15° and 65° at a rate of 1 °/min with an angular resolution of 0.01°
using unfiltered X-ray line with a dominant wavelength of 1.542 Å. Collected diffractograms
were compared against powder diffraction files (PDFs) of corresponding materials obtained from
PDXL: Integrated X-ray powder diffraction software using the ICDD (International Centre for
Diffaction Data) database.
a

b

Figure 2.2. Rigaku Ultima IV X‐ray diffractometer used to characterize crystalline structure. a)
outside view; b) inside view (X-ray tube, detector, and sample rotary table can be seen).
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2.2.2 Scanning electron microscopy (SEM)/energy dispersive X-ray spectroscopy (EDX)

Grain/particle morphology, grain size evaluation, and chemical composition of the
investigated materials were analyzed by means of scanning electron microscopy in combination
with energy dispersive X-ray spectroscopy (SEM/EDX).
As the name suggests, SEM examines microscopic characteristics of the material by
scanning its surface using a focused beam of electrons. Use of electrons enables much higher
magnification and resolution of an image than with conventional light microscopy due to the
shorter wavelengths of the electrons (ca. 10,000 times shorter) than that of visible light.
A typical SEM is composed of an electron gun and several electromagnetic lenses and
apertures (Figure 2.3a). The electron gun itself (Figure 2.3b) is composed of a cathode, anode,
and a Wehnelt electrode placed between the cathode and anode. Electrons are emitted from the
heated cathode and accelerated by an electric field towards the anode. The Wehnelt electrode is
used for focusing and control of the electron beam [9].

a

b

Figure 2.3. a) General structure of a SEM [11]; b) General structure of an electron gun [9].
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The most common type of electron guns is the thermionic emission gun. Since the SEM
used in this work was equipped with this type of electron gun, it is considered here in more
detail. A tungsten filament used as a cathode in thermionic emission gun is heated by an electric
current to allow for the electrons to achieve enough kinetic energy to leave the material.
Tungsten is used due to its ability to withstand high temperatures for long periods of time
without degrading. Free electrons that leave the filament are then accelerated from the cathode to
the anode by a high electric voltage. The electric current (and thus the temperature of the
tungsten filament) and the voltage used for the acceleration of the electrons determine the
intensity of the beam. Further, the beam is deflected and focused by passing through a set of
lenses. An electron microscope lens corresponds to the electromagnetic field generated by an
electric current passing through a solenoid. The use of electromagnetic lenses allows the
magnification to be easily changed by altering the electric current running through the solenoid.
The generated field controls the beam diameter and the angle that the beam converges on the
surface of the sample. In addition, a scanning electron microscope usually contains two
condenser lenses to reduce the diameter of the electron beam together with a final objective lens
to focus the beam to nanometer scale diameter (Figure 2.3a). This process leads to a focused
beam of electrons that act as a fine probe of the surface of the material. Finally, the beam is
deflected by the objective lenses to scan across the surface of the material, while the signal
electrons are detected, amplified, and then reconstructed into the surface image [11].
Two types of signal electrons are used in SEM: backscattered electrons (BSEs) and
secondary electrons (SEs). Both of these are generated from the collisions of incident electrons
with the specimen. Backscattered electrons are generated through elastic scattering leading to
high scattering angles. On the other hand, secondary electrons are generated as a result of an
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inelastic scattering when incident electrons collide with the electrons bound to the atoms of the
specimen and eject them from their orbitals. Electrons that leave the specimen with energies up
to 50 eV are considered SE and those with energies above 50 eV are BSE. As a result, BSEs are
most useful for volumetric and elemental composition analysis, while SEs are useful for
collecting topographical information [9]. As a last step, signal electrons (either BSEs or SEs) are
converted to UV-visible photons by the use of the scintillators. Photons are then converted to an
electrical signal by a photomultiplier tube or photodiode, and the result is displayed on the screen
(Figure 2.4a). Common scintillators used for electron microscopy are Y3Al5O12:Ce (YAG:Ce),
Y2SiO5:Ce (YSO:Ce), and YAlO3:Ce (YAP:Ce) [12].
A Hitachi S-3400 Variable Pressure-SEM (VP-SEM) microscope was used to
characterize materials investigated in the present work. Samples were mounted on an aluminum
multi-sample holder with carbon tape. The holder with the samples was placed into the vacuum
chamber and sealed with vacuum of 30 Pa. A working distance of 10 mm and accelerating
voltage of 20 kV were used. Images of the specimen were collected at different magnifications
depending on the grain sizes.
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a

b

Figure 2.4. a) Electron detection in SEM; b) Schematic of EDX in an SEM [11]

Average grain size was determined using the lineal intercept method from SEM images
following ASTM E 112-96. According to the tetrakaidecahedron-shaped model [13], the average
grain size can be calculated as
D = 1.571

C
N

(2.3)

where D is the average grain size, C is the measuring line length in µm (based on the scale of
SEM image), and N is the number of grains intercepted by the measuring line. Ten horizontal
straight lines were drawn at random in each image recorded from different locations on the
sample surface, all with the same magnification. A total of ca. 300 intercepts of the measuring
lines with the grain boundaries were counted for each sample, and average intercept number was
determined. The average intercept number was converted into length using the scale of the SEM
image and then multiplied by the factor 1.571.
In addition to the aforementioned analysis, an SEM system can be used to obtain
elemental composition information about the specimen by equipping it with an energy-dispersive
X-ray spectrometer (EDX). When a specimen is bombarded by a high-energy electron beam,
electrons from the beam will eject the inner shell electron of a specimen atom leaving a hole
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behind. An outer shell electron will move to fill this hole releasing its energy in the a form of an
X-ray photon with energy equal to the energy difference of the two shells, which is a
characteristic of an element (hence the name “characteristic X-rays”). As the energy of the
emitted X-ray is well known and different for each element, measurement of the energy and
intensity of the X-rays emitted by the sample can be used to identify and quantify the elements
which compose the specimen.
In the SEM, as it is shown in Figure 2.4b, the electron beam is aligned with the vertical
axis of the microscope so that the detector has to be placed at a certain angle from the vertical. A
lithium-drifted silicon detector, or Si(Li) diode, is commonly used in EDX systems. This detector
operates at low temperature using liquid nitrogen to reduce the amount of noise (Figure 2.4b);
therefore, improving the energy resolution which is typically in the range of 150-200 eV [14].
When characteristic X-rays reach the detector, they generate electron-hole (e-h) pairs in the
detector material with energies at approximately 3.8 eV, which is the required energy to create eh pair in Si(Li) diode. The external voltage applied to the Si(Li) diode separates the electron
from the hole towards opposing electrodes thus generating an electrical signal. Higher-energy
characteristic X-rays will generate more e-h pairs than lower-energy ones, thus, allowing a
separation of characteristic X-rays by the number of pairs created and identification of the
elements of the specimen.
In the present work, EDX measurements were done together with SEM imaging as
discussed earlier. Area scans were performed at random locations of the specimen using the
Oxford software AZtec version 2.2 with results reflecting the average of five scans on each
sample. The main goal was to determine the true concentration of the dopant (Ce or Pr) and
Gd/Lu ratios in the multicomponent garnets. Typically, acquisition time of 30-60 sec is sufficient
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to detect the elemental composition of a specimen. However, as detection of elements depends
on the signal-to-noise ratio, longer collection times were required to detect trace elements (e.g.,
acquisition times of 600-900 sec were necessary to detect the concentration of the dopants in the
samples (less than 1 at%)). Even with longer collection times, if the dopant concentration is less
than 0.05 at%, it was not detected with reasonable certainty.
2.2.3 Density measurements

An important parameter for the scintillating polycrystalline ceramics is the density.
Polycrystalline ceramics might contain pores which are essentially pockets of air that reduce the
average density. The presence of air changes the local index of refraction relative to the bulk
material and acts as effective scattering centers negatively affecting optical transparency and
detection efficiency in general. One simple but efficient method of measuring density is through
application of Archimedes principle.
The basis of the Archimedes principle is that an object immersed in a fluid will
experience a buoyant force equal to the weight of the liquid displaced. The buoyancy force is a
result of the pressure applied by the liquid against the object, where the magnitude of the
pressure depends on the surface area of an object. Thus, two objects with the same mass but
different volumes will experience different buoyancy forces. This means that the density of a
material will affect the pressure it experiences when immersed in a liquid [15]. Measuring the
difference in weight of a material in a liquid with known density is the basis of using
Archimedes principle to determine the density of studied object.
In the present work, polycrystalline ceramics were saturated with water by submerging
them under vacuum obtained with a mechanical vacuum pump in ultrapure water for 24 hours to
evacuate any gas from pores in the material before being weighed. A comparison of the mass of
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the ceramic saturated with water, Msat, versus oven dried, Mdry, yields the density of the sample
through the relation:

r sample = r water

M dry

(2.4)

M sat − M immersed

where Mimmersed is the mass of the sample immersed in water, measured on the Archimedes
density platform (Figure 2.5). The average density value reflects five separate measurements for
each polycrystalline sample and are performed by M. Marchewka as part of his Master of
Science (MSc) thesis.

Figure 2.5. Universal specific gravity kit, bench model SGK-B.
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2.2.4 Attenuated total reflectance Fourier transform infrared spectroscopy (ATR FTIR)

ATR FTIR is a vibrational spectroscopic technique that detects molecular vibrations
through the absorption of infrared light. For temperatures above absolute zero, molecules in
solids will constantly vibrate at certain frequencies. As a result, when the energy of infrared light
irradiating the specimen matches the vibrational energies of the molecules, these molecules will
absorb the infrared light, with the frequency pattern of absorption depending on the chemical
composition and structural arrangement of the material [9, 16]. In the case of FTIR, use of the
Fourier transform method allows for the collection of signal in a wide range of frequencies
simultaneously [9].
An FTIR system is typically composed of an infrared (IR) light source, an IR detector,
and a Michelson interferometer (Figure 2.6). The Michelson interferometer consists of a beamsplitter and two mirrors (one is fixed and the other is movable). The beam-splitter divides the
infrared beam in half, with one half of the beam directed towards a moving mirror and the other
half being transmitted towards a fixed mirror. Both beams are reflected back towards the splitter
where the two beams are recombined into a single beam. Variation of the position of the nonstationary mirror allows for the optical path length difference between the two mirrors relative to
the splitter. As a result, varying amounts of interference can be obtained. The resultant signal
from the recombined single beam is known as an interferogram and contains information on all
frequencies within the scan range. The interferogram undergoes a Fourier transformation which
is automatically done by the software, followed by the display of the IR spectrum, typically
within 4000 cm-1 to 400 cm-1 [9, 17].
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Figure 2.6. Schematic of a Michelson interferometer in transmission FTIR [9].

Attenuated Total Reflectance (ATR) FTIR is a particular technique that allows the
vibrational characterization of non-transparent samples like powders or ceramics. In transmission
FTIR, the detector is located behind the specimen and the IR beam is passed straight through the
sample for collection. In the case of ATR FTIR spectroscopy, the infrared beam is totally
internally reflected through an ATR crystal of relatively high refractive index in optical contact
with the sample. The internally reflected radiation produces evanescent waves within the sample.
Some of the energy of the evanescent wave is absorbed by the sample, and the reflected radiation
is returned to the detector (Figure 2.7a). It is important that the sample must be in intimate
contact with an ATR crystal in order to obtain reliable results [18].
In the present work, ATR FTIR measurements were performed in a single reflection
mode using a Thermo-Scientific Nicolet 6700 FTIR spectrometer with a diamond crystal ATR
plate (Figure 2.7b). In order to achieve intimate contact with an ATR crystal, samples were
ground to a fine powder using an agate mortar and pestle. Powders were placed onto the
diamond window and secured with a pressure tower to ensure good contact. The region from
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400-4000 cm-1 was analyzed and 256 scans with a resolution of 1 cm-1 were collected for each
measurement to ensure good statistics of the results. OMNIC software was used to obtain the
data, and to apply baseline and ATR correction (in order to compensate for different wavelengths
having different propagation lengths in the sample). A background spectrum was collected at the
beginning of the session which was automatically subtracted by the software.

a

b

Figure 2.7. a) A schematic of a single reflection ATR; b) Thermo-Scientific Nicolet 6700 FTIR
spectrometer with a diamond crystal ATR plate.

2.2.5 Ultraviolet/visible (UV/Vis) spectroscopy

The efficiency of a scintillator depends, in part, on the transparency of a material to its
own light. Since scintillation is typically in the UV/Vis range of the electromagnetic spectrum, it
is important to inspect the UV/Vis transparency of the material. If a scintillating material exhibits
poor transparency to its own light, most of the emission will be trapped inside of the specimen
and only a small fraction will be coming from the surface of the specimen; as a result, the
scintillation output will be low. However, if a material has good optical transparency to its own
light then emission will come not only from the surface but also from the interior.

43

Optical transparency is an especially important parameter for the scintillating
polycrystalline ceramics as it is affected not only by the material properties (width of the band
gap and the presence of absorption bands) but also by the presence of scattering centers. As it
was discussed in section 2.2.3, polycrystalline ceramics might contain pores which change the
local index of refraction resulting in the scattering of UV/Vis light passing through the sample
and negatively affecting transparency.
The present work uses a double beam UV/Vis spectrophotometer that allows
investigation of a material transparency in ultraviolet and visible range as a function of
wavelength. It uses the beam intensity ratio, I/Io, to determine absorbance, A, or transmittance, T,

T I=
I 0 exp ( − A ) (Figure 2.8a). Optical transmittance measurements of the single crystals
as:=
and polycrystalline ceramics were taken using a Perkin Elmer Lambda 950 UV/Vis/NIR
spectrophotometer (Figure 2.8b). The reference sample holder was left empty for all
measurements. Spectra were taken from 200 nm to 800 nm at a scan rate of 270 nm/min with a
spectral resolution of 1 nm. Thickness of the compared samples was approximately the same;
therefore, results were not corrected by the thickness of the samples.
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a

b

Figure 2.8. a) A schematic of a double beam UV/Vis spectrophotometer [19]; b) Perkin Elmer
Lambda 950 UV/Vis/NIR spectrophotometer.

2.2.6 Photoluminescence (PL)

Luminescence corresponds to the emission of light due to excitation by some form of
energy, but not as a result of material temperature (incandescence). [20].
The evaluation of the luminescence of scintillator means to assess the luminescence
centers (activators) in the material. Rare earths are known to be efficient luminescence centers,
with the energy of emitted photons being within UV/Vis/NIR region of the spectrum. The
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reasons for different emission energies from different rare earth ions can be understood through
the photophysics of the rare earths. Materials investigated in this work were doped with Ce3+ and
Pr3+ ions and, thus, the photophysics of these ions are considered in more detail.
Based on the distribution and number of electrons, different types of atoms have different
electron configurations and possibly different valence states. As an example, Table 2.2 shows the
electron configuration of the rare earth elements, noting that Ce3+ and Pr3+ ions have only one
and two electrons on their 4f orbitals, respectively. The presence of one or more electrons on the
4f orbital leads to energy level splitting due to spin and orbital angular momentum interactions.
Three types of interactions affect the energy of the electrons in the orbitals as described by
Hund’s rules: spin-spin interaction (Hund’s rule #1), orbit-orbit interaction (Hund’s rule #2), and
spin-orbit interaction (Hund’s rule #3) [21].

Table 2.2. Electron configurations of rare-earth elements [22].
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Hund’s rule #1 reflects spin-spin interaction and states that the term with the highest
value of total spin angular momentum, S, lies lowest in energy, which means that, for example,
in the case of two electrons, the state in which their spins are parallel will be lower in energy
than the state in which their spins are antiparallel. The origin of the energy difference is in the
coulomb repulsion of the electrons. The fact that the spins of electrons are parallel implies a
larger average distance between them than in the case of antiparallel spins. As a result, if the
electrons are further apart, they will be less shielded from the nucleus by the other electrons, and,
therefore, a given electron will be more exposed to the nucleus. This means that the electron in
consideration will be more tightly bound and of lower energy. The total spin angular momentum
quantum number for two electrons, S(2), is obtained by combining the individual spin quantum
numbers s1 and s2 as following [21]:
S ( 2 ) = ( s1 + s2 ) , ( s1 + s2 − 1) ,..., s1 − s2

(2.5)

As all electrons in filled shells of an atom are spin-paired, it is only necessary to count
spins in the outer unfilled orbitals to obtain values of S for the atom as a whole.
Hund’s rule #2 reflects orbit-orbit interaction and states that for a given value of S, the
term with the largest value of total orbital angular momentum, L, lies lowest in energy, which
means that if the electrons are orbiting in the same direction (therefore, they have a large total
angular momentum) they interact less often than when they orbit in opposite directions. Hence,
on average, their mutual repulsion is lower when L is large. The total orbital angular momentum
quantum number is calculated in a similar manner as the value of S. For two electrons, L(2), is
obtained by combining the individual orbital quantum numbers l1 and l2 as following [21]:
L ( 2 ) = ( l1 + l2 ) , ( l1 + l2 − 1) ,..., l1 − l2

(2.6)
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All filled shells of an atom have zero orbital angular momentum, thus, only electrons in
the outer unfilled shells need to be counted. It is necessary to mention that, similar to the letter
notation of individual orbital quantum numbers, L values are also replaced by letter symbols as
shown in Table 2.3.

Table 2.3. Correspondence of L values to letter symbols.
L

0

1

2

3

4

5

6

Letter

S

P

D

F

G

H

I

Hund’s rule #3 reflects spin-orbit interaction and states that for atoms with less than halffilled shells, the level with the lowest value of J lies lowest in energy. When the shell is more
than half full, the opposite rule holds (level with the highest J lies lowest). Here, J is a quantum
number reflecting the interaction between the spin and the orbital momentum. It can be
understood as a magnetic field caused by the electron orbital motion interacting with the spin
magnetic moment. J value is calculated as:
J=

( L + S ) , ( L + S − 1) ,..., L − S

(2.7)

The combinations of S, L, and J are written in the form

2S+1

LJ and called a term symbol,

which is representation of a set of energy levels in spectroscopy. The term uses the multiplicity
2S+1, total orbital angular momentum L, and total angular momentum J. It assumes that all the
spins are combined to produce S, all the orbital angular momenta are coupled to produce L, and
then the spin and orbital terms are combined to produce a total angular momentum J.
Let us now consider the two cases of interest, Ce3+ and Pr3+ ions. In the case of Ce3+,
there is only one electron on the 4f orbital. Thus, its total spin angular momentum quantum
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number is simply S(1) = ½. On the other hand, Pr3+ has two electrons on its 4f orbital, and, as s1
and s2 are equal to ½, equation (2.5) gives S(2) = 1 or 0, meaning that both values are permitted.
According to Hund’s rule #1, the energy level with S = 1 will be lower in energy than S = 0. For
the electron in the f shell, there are 7 orbitals available each with a given orbital quantum
number, as shown in Figure 2.9. Based on the analogy with equation (2.6), L = l = 3 for Ce3+ ion,
which is letter F according to Table 2.3, and L = 5, 4, 3, 2, 1 for Pr3+ ion, which are letters H, G,
F, D, P, respectively.

Figure 2.9. Orbitals available for an f electron with electrons placed for the case of Ce3+ (f 1) and
Pr3+ (f 2). Individual orbital quantum numbers are shown as l values and orbitals are filled
according to the Pauli Exclusion Principle.

Combination of L value with multiplicity term, 2S+1, gives 2F for Ce3+ and 3H, 3G, 3F,
3

D, 3P, 1H, 1G, 1F, 1D, 1P for Pr3+. However, in the case of Pr3+, energy levels 3G, 3D, 1H, 1F, and

1

P are forbidden due to the Pauli Exclusion Principle (e.g. 3G is forbidden because it corresponds

to the situation of two electrons with positive spin in the same orbital of f shell).
The last step leads to the calculation of J values using equation (2.7) for each
obtained earlier. As a result,
3

2S+1

2S+1

L term

LJ terms for Ce3+ are 2F5/2 and 2F7/2, and for Pr3+ are 3H4, 3H5,

H6, 3F2, 3F3, 3F4, 3P0, 3P1, 3P2, 1G4, 1D2. According to Hund’s rules, the lowest energy level

(ground state) will be 2F5/2 for Ce3+ ion and 3H4 for Pr3+ ion. The relative position of the other
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energy levels can also be defined according to Hund’s rules, and it is reflected in the so-called
Dieke diagram [23] of these two ions shown in Figure 2.10.

Figure 2.10. Section of a Dieke diagram [23] showing energy levels of Ce3+ and Pr3+ ions.

Additional to the spin-orbit coupling that results in energy level splitting, if an ion is
placed in a certain material (e.g. Ce3+ in LuAG matrix), the host also effects the outer-most
energy levels of the ion, resulting in crystal field splitting or, more generally, ligand field
splitting [24]. In the case of Ce3+ and Pr3+, placement of these ions in a garnet material will result
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in the splitting of the 5d energy level, as schematically shown in Figure 2.11a for the case of
Ce3+. Energy level 5dt (2Tg) (notations correspond to the interaction between the ion and the
crystal [24]) is usually of little concern since it is typically located in the conduction band of the
host material and, therefore, does not participate in the excitation/emission transitions. On the
other hand, energy levels of an activator located in the band gap are of the biggest interest for
luminescent and scintillating materials as they are the ones involved in the emission of light. The
coupling of the electronic levels of the activator with the vibrational modes also creates
additional energy states (Figure 2.11b), allowing for excitation and emission from a range of
photon energies. Once excited to a higher vibrational level, the excess energy is dissipated to the
surrounding matrix through phonon generation such that the electron is now at the lowest
vibrational state associated to the excited electronic state. From there, the electron de-excites to
some vibrational level related to the ground state. Again, the excess energy is dissipated to the
surrounding matrix through phonon generation such that the electron moves to the lowest
vibrational state associated to the ground state. In such a manner, the photon emitted from the deexcitation process will have lower energy than the excitation photon (Figure 2.11b). This
phenomenon is known as the Stokes shift [20]. Due to such complex behavior of luminescence
centers, it is important to probe the luminescence of a material in order to obtain the excitation
and emission spectra.
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a

b

Figure 2.11. a) A schematic representation of the energy levels splitting of Ce3+ in a garnet
matrix [25]. SS indicates Stokes shift; Δ12 emphasized energy difference between 5d1 and 5d2
levels. b) The absorption and emission energies in a vibrating lattice showing the Stokes shift
[20]. Horizontal lines indicate vibrational energy levels.

There are several types of luminescence distinguished based on the source of excitation
energy. Photoluminescence occurs due to excitation with UV/Vis light; cathodoluminescence is
the result of excitation with an electron beam; radioluminescence is caused by ionizing radiation
(gamma-rays, X-rays, α particles, etc.); thermoluminescence is due to the release of energy
stored in material traps induced by heating; electroluminescence is a result of an electric current
passing through a material; triboluminescence is emission of light produced by a mechanical
disturbance; sonoluminescence uses passage of the acoustic waves through a liquid; and
chemiluminescence is a result of a chemical reaction [19]. Luminescence behavior of the
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materials in this work was explored by means of photoluminescence, radioluminescence, and
thermoluminescence measurements.
A typical experimental arrangement to measure photoluminescence is presented in Figure
2.12a. The sample is excited with an excitation source, such as a xenon lamp, and the light
generated is filtered to the proper wavelengths by the excitation monochromator. The emitted
light is collected and analyzed by means of the emission monochromator, followed by a
photomultiplier tube (PMT) detector connected to a computer. Both emission and excitation
spectra can be registered. In emission spectra, the excitation wavelength is fixed and the emitted
light is measured at different wavelengths by scanning the emission monochromator. In
excitation spectra, the emission monochromator is fixed at any emission wavelength of interest
while the excitation wavelength is scanned in a certain spectral range [19].
Photoluminescence measurements were conducted using a Horiba Jobin-Yvon Fluorolog322 spectrofluorometer equipped with a xenon lamp and double monochromators for both
excitation and emission (Figure 2.12b). Solid state sample holder was set to 15° relative to the
excitation source. Spectra were measured using integration time of 1 sec, spectral resolution of 1
nm, and convergence slits of 1 nm. Excitation and emission ranges were varied depending on the
material under investigation.
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a

b

Figure 2.12. a) A schematic diagram of photoluminescence spectrofluorometer [19]. b) Horiba
Jobin-Yvon Fluorolog-322 spectrofluorometer.

2.2.7 Radioluminescence (RL)

As noted above, radioluminescence is another technique to probe the luminescence of a
material. Unlike photoluminescence, RL allows measurements of the emitted light using X-rays
as the excitation source. The use of the high excitation energy of X-rays comparing to UV/Vis
light enables simultaneous excitation of all luminescence centers in the material, including
luminescent defects. As a result, additional information about emission of luminescence centers
that were not originally revealed with PL can be obtained. Moreover, in many aspects, RL
mimics the scintillation response of a material and one can gain insight into the scintillation
response of a material by means of RL measurements.
Radioluminescence investigation is performed under X-ray excitation coming from an Xray tube directly above the sample (see Figure 2.13). The emitted light is collected by optical
fiber protected from damage by X-rays with a lead shield. The light is transported through the
fiber towards a spectrograph connected to a CCD camera, analyzed, and emission spectrum is
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displayed on a computer. Measurements were done using a custom-designed Freiberg
Instruments Lexsyg Research spectrofluorometer equipped with a Varian Medical Systems VF50J X-ray tube operating with a tungsten target at 40 kV and 1 mA, and an Andor Technology
DU920P-BU Newton CCD camera. Spectra were not corrected for the spectral sensitivity of the
system.

Figure 2.13. Custom-designed Freiberg Instruments Lexsyg Research spectrofluorometer.

2.2.8 Thermoluminescence (TL)

Another technique for investigating the luminescence behavior of a material is
thermoluminescence – thermally stimulated emission of light after exposure to ionizing radiation
[26]. The TL mechanism is described here in terms of the electron behavior, though an
equivalent discussion can be applied for the hole.
If a material possesses impurities or structural defects within its lattice, it disturbs the
periodicity of the crystalline structure and leads to an appearance of localized energy levels
within the band gap, which are electronic manifestations of defects. As a result, an electron can

55

be captured from the conduction band by these levels. Several kinds of transitions are possible
and are considered in Figure 2.14a.
First, the electron absorbs the incoming ionizing radiation, thus being promoted from
the valence band into the conduction band (Figure 2.14a, transition (a)). Appearance of the
defect centers can result in trapping the charge carrier (e.g., electron) at localized energy levels
within the forbidden gap (called traps; transition (b)). The charge carrier will remain trapped
until given enough energy (in TL case, thermal energy) to leave the trap and return to the
conduction band (transition (c) in the case of electrons), where it can travel towards the
luminescence center (activator) and undergo recombination with the previously trapped hole
(transition (d) and (e)) [26]. Conversely, it can be captured by the trap once again. In such a
manner, TL represents a powerful tool to investigate traps of the scintillators; however, it does
not allow distinguishing between electron and hole traps.
In order to understand the methods of analysis of TL measurements that are applied in the
present work, a brief theoretical basis is provided. Representation of a thermoluminescence
experiment is shown in Figure 2.14b, where the relationship between the intensity of emitted light,
I(t), and the concentration of trapped electrons, ne, can be seen. Increase of the temperature provides
thermal energy to the material and results in the release of the electrons from the traps and their
recombination, decreasing the number of trapped electrons and increasing TL intensity. As traps are
continuously emptied the recombination rate slows and, therefore, TL intensity decreases resulting in
the characteristic TL peak. This process at constant heating rate, β, is described by the system of
equations (2.8):

s ⋅ exp ( − E kT )
p =

 I ( t ) = − d ne d t

T= T0 + β t
β = d T d t


(2.8)
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where the probability per unit time, p, of the release of an electron from the trap of activation
energy, E, at given temperature, T, is given by the Arrhenius equation; temperature is linearly
increased with time, t; and s, called “frequency factor” or “attempt-to-escape frequency”,
represents the number of times per second that a trapped electron interacts with lattice phonons
multiplied by the transitional probability. Therefore, the maximum value anticipated for s is the
lattice vibration frequency, namely 1012-1014 sec-1 [26]. Commonly, experimental results are
presented in terms of the intensity of emitted light versus temperature, with a plot known as the
“glow curve”.

a

b

Figure 2.14. a) Common electronic transitions in inorganic scintillators: (a) ionization, (b)
electron trapping, (c) electron thermal release, (d, e) radiative recombination. Electrons – solid
circles, holes – open circles. b) Correlation between TL intensity and a number of electrons
released from the traps and recombined [26].
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Over the years different models were proposed for TL analysis [26, 27]. The most
studied model is called the simple model, which relies on the assumption that the lifetime of an
electron in the conduction band is much less than the lifetime of a trapped electron. In this
model, two criteria for the electron released from the trap are considered: (1) the probability of
electron being trapped again (retrapping) is negligible compared to the probability of
recombination and the thermoluminescence mechanism is characterized by first-order kinetics
[28, 29], and (2) the probability of retrapping dominates, and the thermoluminescence
mechanism is characterized by second-order kinetics [26].
As a result of these assumptions, intensity of the emitted light can be expressed as
I ( t=
= ns exp ( − E / kT )
) np

(2.9)

for the first-order kinetics, and
I ( t ) = n 2 s exp ( − E / kT ) = ns′ exp ( − E / kT )

(2.10)

for the second-order kinetics. Integration of equations (2.9) and (2.10) over time from t=t0 gives
intensity as a function of temperature.
T


I (T ) =
n0 s exp ( − E / kT ) exp  − ( s β ) ∫ exp ( − E / kT ) dT 
T0



T


I (T =
) n0 s exp ( − E / kT ) / 1 + ( n0 s / β ) ⋅ ∫ exp ( − E / kT ) dT 
T0


2

(2.11)

2

(2.12)

The general-order kinetics (intermediate situation between first- and second-order) is also
possible, and it is considered elsewhere [26, 27].
From equations (2.9) and (2.10), it can be understood how to distinguish first- and
second-order kinetics experimentally. Analysis of the intensity dependence on the number of
trapped electrons, n, shows that, if n varies, a first-order kinetic peak will remain at the same
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position. On the other hand, the second-order peak will shift towards higher temperatures. Also,
second-order glow-curve will exhibit higher thermoluminescence intensity during the higher
temperature fraction of the peak caused by higher probability of retrapping. This is illustrated
with a computed set of glow-curves in Figure 2.15.

a

b

Figure 2.15. Computer-simulated a) first- and b) second-order kinetics glow-curves. The most
intense first-order peak is shown for comparison. E=1.0 eV, s=1010 s-1, β=10 °C/min. The curves
are calculated for the following fractions of the traps filled prior to heating: (1) 1.0, (2) 0.8, (3)
0.6, (4) 0.4, (5) 0.2, and (6) 0.05 [26].

A variety of TL analysis methods were developed to extract parameters such as peak
position, Tm, activation energy (trap depth), E, and frequency factor, s, from the glow curve. In
the present work, it is shown that the traps of the investigated materials exhibit first-order
kinetics (see Chapter 3) and, thus, TL glow curves were analyzed using the Randall-Wilkins
model (first-order kinetics model) by means of the GlowFit software that fits experimental data
using the least squares Levenberg-Marquardt method and yields the peaks position and the trap
depth [30].
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Thermoluminescence measurements were performed in the 50–400 °C range using a Thermo
Scientific Harshaw thermoluminescence dosimeter (TLD) reader model 3500 (Figure 2.16) with a
heating rate of 1 °C/s. Before each measurement, samples were annealed at 400 oC for 1 or 5 minutes
to deplete all traps, and were X-ray irradiated using a Rigaku Ultima IV X-ray diffractometer (40 kV,
40 mA) for different amounts of time in order to populate the traps. The dose exiting the X-ray tube
on the diffractometer was on the order of 107 R/hr. For RL and TL measurements, small platelets
were cut from the original samples due to space limitations of the instruments sample holder.

Figure 2.16. Thermo Scientific Harshaw TLD reader model 3500.

2.2.9 Differential pulse height distribution measurements

Differential pulse height distribution measurements are used to determine the luminosity
of a scintillator in relation to a known reference via analysis of the charge generated by the
radiation interaction in the material [14].
The scintillation photons eject photoelectrons from a photocathode of the PMT via the
photoelectric effect. Photoelectrons are then electrostatically accelerated and focused towards
first dynode of the PMT. A single photoelectron ejects multiple secondary electrons from the
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dynode that are accelerated and eject electrons from the second dynode. This effect cascades
until electrons are collected at the anode, and the end result is that scintillation photons are
converted into a measurable electrical signal. The electrical signal is collected by a multi-channel
analyzer, where the channel corresponding to the maximum of the distribution is extracted
(channel number of the photopeak) and used to determine the scintillator luminosity. The
intensity of the electrical signal is proportional to the number of photons emitted from the
scintillator and the energy of the ionizing radiation. Therefore, for the same radioactive source
(and measurement conditions, e.g., the gain applied to the PMT), the ratio of the electrical signal
intensity between the sample and the reference provides the relative luminosity of the sample –
the higher the peak channel number, the brighter the material [14]. This process is schematically
represented in Figure 2.17.

Figure 2.17. A schematic representation of differential pulse-height measurements apparatus.
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Differential pulse height distribution measurements additionally allow extraction of the
energy resolution of a scintillator. Energy resolution essentially reflects the amount of energy
fluctuations that was recorded; as the energy resolution becomes lower, instead of showing one
large peak that potentially encompasses many peaks, single defined peaks in the same energy
range can be evaluated, yielding more information. It should be noted that there may only be one
peak in the given spectrum, but that peak will become more defined as the energy resolution
decreases. Resolution is a dimensionless quantity given in percent and is defined as the full width
at half maximum (FWHM) divided by the centroid of the distribution, H0 [14]:
=
R (%)

FWHM
⋅100%
H0

(2.13)

Performing measurements using a variety of γ-ray sources allows for the exploration of
scintillation properties of the material such as light yield, energy resolution, and proportionality
of the material response to different energies of ionizing radiation. These measurements were
conducted using a Hamamatsu R6095 bialkali photocathode PMT operated at 1000 V and 2 μs
shaping time inside a light-proof box (Figure 2.18), together with the necessary power supply,
control and data acquisition electronics. For the polycrystalline ceramic samples provided by
RMD, the PMT operated at 800 V, 1.2 μs rise time, and 0.6 μs flat top time. The setup involves
coupling the sample to a photomultiplier tube with optical grease and mounting a radioactive
source above the sample. Scintillation under irradiation from various γ-ray point sources (see
Table 2.4) are recorded, and light yield relative to Bi4Ge3O12 (BGO) single crystal was
determined for the given emission of the radioactive source.
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Figure 2.18. Pulse height distribution measurements apparatus with Hamamatsu R6095 bialkali
photocathode photomultiplier tube.

Table 2.4. Point sources and their energies used for differential pulse height distribution
measurements.
Point source
241

Energy, keV

Am

133

22

59.5

Ba

31.0, 81.0, 302.9, 356.0

Na

511, 1274.0

137

Cs

32.2, 661.7

57

Co

122.1, 136.5

54

Mn

834.9
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CHAPTER THREE
RESULTS AND DISCUSSION

3.1 Microstructure, luminescence, and scintillation of laser-sintered ceramic and
single crystal Y3Al5O12:Ce (YAG:Ce)
YAG:Ce polycrystalline ceramics are prepared by the modified polymeric precursor
method followed by laser sintering [1]. It is important to determine whether investigated samples
are actually phase-pure YAG. XRD measurements are performed to identify the crystalline
structure and presence of secondary phases. The single-phase YAG cubic structure of the
polycrystalline ceramic samples is confirmed, in agreement with ICDD card #00-033-0040
(Figure 3.1), and Rietveld Refinement revealed almost identical lattice parameter (Δ ≈ 0.1 %) for
the polycrystalline ceramics (11.9992 Å) and for the single crystal (12.0089 Å). SEM
micrographs of the polycrystalline sample (Figure 3.2) display the presence of various grains
with average size of 2.5 µm. Defects, such as grain boundaries and pores, can also be seen.

Figure 3.1. XRD results of YAG:0.3% Ce polycrystalline ceramic indexed according to ICDD
#00-033-0040 (bar plot).
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Figure 3.2. SEM micrographs of YAG:0.3%Ce polycrystalline ceramic.

Literature review, presented in Chapter I (cf. Figure 1.2), shows that the average of the
most recent reports of YAG:Ce luminosity is ca. 10% higher for the single crystal than those for
the polycrystalline ceramic. Americium-241 differential pulse height distributions are presented
in Figure 3.3 for YAG:Ce scintillators. A Gaussian function is used to fit the photopeaks and
extract the peak positions. The relative light yield is determined by normalizing the position of
the peaks from the analyzed samples with the position of the same peaks, obtained with the BGO
single crystal (Figure 3.4). The overall behavior shows that YAG:Ce single crystal is about 2
times brighter than BGO and several times brighter than the polycrystalline ceramics, which
qualitatively correlates with the literature reports in Figure 1.2 showing that the average value of
light output is higher for YAG:Ce single crystal than for polycrystalline ceramic.
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Figure 3.3. Pulse height spectra of 59.5 keV γ-rays from 241Am point source. (a) YAG:Ce single
crystal (gain 50), (b) YAG:0.1%Ce polycrystalline ceramic (gain 250) and (c) YAG:0.3%Ce
polycrystalline ceramic (gain 250). Black circles are the experimental data; red lines are
Gaussian fits. Additional photopeak, corresponding to 13.9 keV γ-rays from a 241Am source can
be seen at lower channels for the single crystal and YAG:0.3%Ce polycrystalline ceramic.
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Figure 3.4. Light yield of the YAG:Ce relative to BGO crystal. YAG:Ce single crystal (black),
YAG:0.1%Ce polycrystalline ceramic (red), and YAG:0.3%Ce polycrystalline ceramic (blue).
Dashed lines are average values for each ceramic.

Figure 3.5 shows the ATR FTIR spectra of the samples at ambient temperature. Since
absolute intensities cannot be compared due to the possible difference of contact area of the
samples during the measurements, all spectra are normalized to the most intense peak at ca. 687
cm-1. It is known that the unit cell of YAG:Ce consists of Al cations occupying eight octahedral
sites and twelve tetrahedral sites, and Y cations placed in twelve dodecahedral sites [2]. The
vibrational modes observed in the spectra in Figure 3.5 are correlated to the vibrations of these
structural units. Seven superimposed peaks can be easily seen, and extracted peak positions are
in good agreement with the reported values [2-5]. Vibration modes are assigned as follows:
translation mode of octahedral cations at ca. 425 cm-1, symmetric bends of the AlO4 tetrahedron
at ca. 448 cm-1, asymmetric bends of the tetrahedron between 500-600 cm-1, and asymmetric
stretching modes of the tetrahedron between 600-900 cm-1 [4].
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Systematic shift of the majority of the bands of the polycrystalline ceramics to higher
frequencies by ca. 2 cm-1 is observed in relation to those of the single crystal. It is well-known
for the garnet structure that an increase in the volume of the unit cell is related to a decrease of
the frequency of the vibrational modes [4, 6]. Therefore, the atomic network within the grains
composing the polycrystalline ceramics is under compressive stress. Measurements done on a
series of identical samples confirm the observed shift. Interestingly, the observed shift of IR peak
frequencies is approximately 0.3 % of the peak values for the single crystal, which implies a
linear dependence of the frequencies on the unit cell volume, similar to previously reported
results [6].
It is also important to note that the full width at half maximum (FWHM) of the majority of
the bands of the polycrystalline ceramics is 3-5 cm-1 larger than that for the single crystal, as
illustrated in the inset of Figure 3.5. The broadening of the vibration bands indicates higher
structural disorder of the polycrystalline ceramics with regard to the crystal [7].
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Figure 3.5. Normalized absorption ATR FTIR spectra of the YAG:Ce. The inset illustrates the
difference in the band width. The peaks in the inset were matched in the intensity and peak
position in order to reveal the width difference.

PL excitation (PLE) spectra monitored at 2.34 eV (530 nm) and PL emission (PL) spectra
excited at 3.63 eV (342 nm) of the single crystal and polycrystalline ceramics are presented in
Figures 3.6a and 3.6(b, c), respectively. Normalized PLE spectra show two excitation bands
centered around 2.73 eV (450 nm) and 3.63 eV (342 nm), which are caused by the Ce3+ 4f → 5d1
and 5d2 transitions, respectively [8, 9]. The fine structure between 2.6-2.9 eV of the excitation
spectra is due to a variation in intensity of the xenon lamp, which results in some sharp features
[9]. The broad emission band around 2.34 eV (530 nm) is well-known to be an overlap of the
double band of Ce3+ emission 5d1 → 4f (2F5/2, 2F7/2) [9, 10] (cf. the deconvolution in Figure 3.6),
due to the spin-orbit coupling split of 4f energy level of Ce3+ ion. Corresponding emission bands
are at 2.21 and 2.37 eV (561 and 523 nm, respectively). The split of ca. 0.17 eV is approximately
the same for the single crystal and polycrystalline ceramics. The observed Stokes shift was also
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similar between the single crystal (0.39 eV) and polycrystalline YAG:Ce (0.41 eV). However,
the FWHM of the excitation bands was noticeably different. FWHM of the band at 2.73 eV (4f
→ 5d1 transition of Ce3+) is 0.36 eV, 0.48 eV, and 0.55 eV for the single crystal, 0.1 % Ce
ceramic, and 0.3 % Ce ceramic, respectively. FWHM of the band at 3.63 eV (4f → 5d2
transition) is 0.25 eV, 0.29 eV, and 0.31 eV for the single crystal, 0.1 % Ce ceramic, and 0.3 %
Ce ceramic, respectively. The observed difference in FWHM of the bands is ascribed to the
higher structural disorder of the polycrystalline scintillators in agreement with the results from
ATR FTIR analysis. The resulting enhanced self-absorption in the polycrystalline ceramics was
found to be ca. 1.31 (YAG:0.1%Ce) and 1.54 (YAG:0.3%Ce) times higher in the polycrystalline
ceramics than in the single crystal based on the ratio of the intersection area between the PL and
PLE spectra within 2.25 to 2.8 eV normalized by the area of the PL spectrum (1.86-2.8 eV).
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Figure 3.6. PL (blue circles) and PLE (black lines) spectra of a) YAG:Ce single crystal, b)
YAG:0.1%Ce polycrystalline ceramic, and c) YAG:0.3%Ce polycrystalline ceramic. Gaussian
deconvolution (red dotted lines) of PL spectra together with the best fit (red continuous lines) are
also shown.

To further investigate luminescence properties, room temperature RL measurements are
performed and analyzed. Normalized RL spectra of both single crystal and polycrystalline
ceramics are dominated by the emission band peaked at ca. 2.34 eV which is assigned to the
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emission of Ce3+ (Figure 3.7). The results of the deconvolution of this band with two Gaussian
peaks were similar to the results of the deconvolution of the PL spectra and are not discussed
further. RL measurements also revealed weaker emission beyond ca. 3 eV (inset in Figure 3.7).
According to previous reports, emission region 2.5-4.5 eV can correspond to a variety of the
defects in YAG system: the band centered within 3.9-4.2 eV has been assigned to the emission of
excitons localized around YAl antisite defects [10-13], recombination luminescence of YAl
antisite defects has been observed within 3.3-3.7 eV region [10, 11, 14, 15], emission at 3.1-3.2
eV has been attributed to the F+-type defects [10, 11, 14, 16, 17], and a band peaking at 2.5-2.7
eV has been assigned to the F centers [14, 16, 17]. Based on the aforementioned reports on the
intrinsic luminescence in the undoped YAG and YAG:Ce, RL emission observed within 3-4 eV
region (Figure 3.7) has been attributed to the superimposition of the luminescence of YAl antisite
defects, the F+ centers, and possible contribution from localized excitons (LE) around YAl
antisite defects (cannot be fully resolved since the measurements are limited to 4 eV). It is
important to note that the emission bands formed by YAl antisite defects and F+ centers strongly
overlap with the absorption bands of Ce3+ ions that are centered at 2.73 and 3.63 eV (inset in
Figure 3.7).
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Figure 3.7. Normalized RL spectra of YAG:Ce single crystal (black), YAG:0.1%Ce
polycrystalline ceramic (red), and YAG:0.3%Ce polycrystalline ceramic (blue). Inset shows a
magnification of the emission in the 2.5-4.0 eV range and emphasizes the overlap with the
absorption bands of Ce3+ in YAG.

To gain more insight into the nature of these defects, additional PL/PLE measurements are
performed. All materials show a presence of the same defect-related luminescence centers with
the emission at 3.21 eV (386 nm) and 2.97 eV (418 nm) and the excitation near 3.60 eV (345
nm) and 4.54 eV (273 nm) as shown in Figure 3.8. Extensive literature review of defect
excitation and emission in YAG is done in order to understand the nature of these bands (see
Table 3.1). Based on the available reports, emission at 2.97 eV and excitation at 4.54 eV are
related to F center, emission at 3.21 eV is related to F+ center, and excitation at 3.5-3.8 eV is an
overlap of the bands related to F+ and F– centers. Note that the signal-to-noise ratio of the spectra
of the single crystal is significantly lower than that of the polycrystalline ceramics, indicating a
lower concentration of these defects in the crystal.

75

Figure 3.8. PLE spectrum monitored at 3.21 eV (386 nm; red), and PL spectrum excited at 4.54
eV (273 nm; blue) for a) YAG:Ce single crystal, b) YAG:0.1%Ce polycrystalline ceramic, and c)
YAG:0.3%Ce polycrystalline ceramic.
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Table 3.1. Literature review of defect excitation and emission in YAG and YAG:Ce in the order
of increasing energies.
Absorption/Excitation and
Type of material

defect type

Emission and defect type

Reference

Undoped crystal

1.49 eV (830 nm) → F–

2.67 eV (464 nm) → F

[17]

2.58 eV (480 nm) → F–

2.70 eV (460 nm) → F

Undoped crystal

–

3.095 eV (401 nm) → F+

[16]

Undoped crystal

–

3.10 eV (400 nm) → F+

[17, 18]

Ce-doped crystal

–

3.12 eV (398 nm) → F-type

[19]

Ce-doped

–

3.15 eV (394 nm) → F+

[10]

3.33 eV (372 nm) → YAl

nanoceramic (room
temperature)
Undoped crystal

3.35 eV (370 nm) → F+

–

[17, 18]

Ce-doped crystal

3.35 eV (370 nm) → F+

–

[20]

Ce-doped crystal

3.35 eV (370 nm) → F-type

–

[19]

Undoped crystal

3.44 eV (360 nm) → F–

–

[17]

Undoped crystal

–

3.72 eV (333 nm) → YAl

[21]

Undoped crystal

–

3.88 eV (320 nm) → YAl

[15]

4.13 eV (300 nm) → F+

4.12 eV (301 nm) → LE at YAl

[10]

Ce-doped crystal

–

4.12 eV (301 nm) → LE at YAl

[19]

Undoped crystal

–

4.22 eV (294 nm) → LE at YAl

[21]

Ce-doped
nanoceramic (room
temperature)
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Undoped crystal

4.77 (260 nm ) → self-trapped

–

(low temperature)

[15]

exciton

Ce-doped

4.80 eV (258 nm) → F

nanoceramic

5.12 eV (242 nm) → F+

–

[10]

(T=8K)
Undoped crystal

5.17 eV (240 nm) → F–

–

[17]

Undoped crystal

5.28 eV (235 nm) → F+

–

[17, 18]

Ce-doped crystal

5.28 eV (235 nm) → F+

–

[20]

Ce-doped crystal

5.28 eV (235 nm) → F+

–

[19]

Undoped crystal

6.2 eV (200 nm) → ?

–

[18]

Undoped crystal

6.36 eV (195 nm) → F

–

[17]

Undoped crystal

6.80 eV (182 nm) → YAl

–

[21]

6.88 eV (180 nm) → LE at YAl

The results of optical transmission measurements of the polycrystalline ceramics and the
single crystal are displayed in Figure 3.9. Single crystal exhibits ca. 76 % transparency up to 2.38
eV (520 nm) followed by two absorption bands matching the positions of the Ce3+ excitation
peaks observed in PLE measurements and, therefore, corresponding to the 4f → 5d electronic
transitions of Ce3+ ions. Polycrystalline ceramics have a much poorer transparency since the
samples are translucent. It is worth noting, however, that the 4f → 5d1 transition of the
polycrystalline samples (at ca. 2.71 eV) is at a similar position as for the single crystal, while the
4f → 5d2 transition is at ca. 3.46 eV for the ceramics and at 3.63 eV for the crystal. The observed
shift as well as the large absorption in the polycrystalline YAG:Ce in the 4-5 eV range is likely
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due to the strong overlap with the excitation band formed by the F, F+, and F– centers (cf. Figure
3.8). As it was shown by PL analysis, F-type centers are present in both materials but their
concentration is significantly lower for the single crystal; thus, the influence of its
absorption/excitation band on the transmittance of the samples is much lower in the case of the
single crystal than in the case of the polycrystalline ceramics.

Figure 3.9. Optical transmission of YAG:Ce single crystal (black), YAG:0.1%Ce polycrystalline
ceramic (red), and YAG:0.3%Ce polycrystalline ceramic (blue).

Defects in the material manifest themselves as localized energy levels within a bandgap
and act as electron traps. Thermoluminescence is used in the present work to investigate the
traps. Representative TL measurements of both polycrystalline ceramics and single crystal are
displayed in Figure 3.10. The glow-curves are dominated by the emission within ca. 50-170 °C
and 200-350 °C.
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Figure 3.10. TL glow curves of YAG:Ce single crystal (black), YAG:0.1%Ce polycrystalline
ceramic (red), and YAG:0.3%Ce polycrystalline ceramic (blue).

The order of kinetics of each glow peak is investigated employing X-ray irradiation with
different durations, from 30 to 300 sec, together with the monitoring of the peak position. These
results are shown in Figure 3.11 and reveal first-order kinetics for all glow peaks due to the lack
of a systematic shift of the peak position for increasing irradiation doses [22].
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Figure 3.11. TL glow curves obtained using different X-ray irradiation time for (a) YAG:Ce
single crystal, (b) YAG:0.1%Ce polycrystalline ceramic and (c) YAG:0.3%Ce polycrystalline
ceramic. The vertical dotted lines are guides to the eyes only. Irradiation time of 300 sec could
not be used for the single crystal due to the saturation of TLD reader.

Establishing the first-order kinetics indicates negligible probability of electron retrapping
and allows further analysis using the Randall-Wilkins model [23, 24]. Four methods of TL
analysis based on this model are used. The first method uses a simple expression developed by
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McKeever and Chen that assumes first-order kinetics and that the trap can be described by the
trap depth, E, temperature of the TL peak, Tm, and FWHM of the TL peak [25, 26]:
=
EMcC 2.52k BTm2 / FWHM − 2k BTm

(3.1)

where kB is Boltzmann constant. Only data for the low temperature peak are calculated as
FWHM cannot be extracted for other peaks due to their strong overlap with each other. Results
for 3 irradiation times are presented in Table 3.2.
In addition to E and Tm, the description of a trap requires determination of the frequency
factor or “attempt-to-escape frequency”, s: the number of interactions of an electron in the trap
with lattice phonons per second multiplied by transition “probability” [22]. For the first-order
kinetics, s can be obtained as

s=

β E k BTm2
exp ( − E k BTm )

(3.2)

where β is heating rate, which is 1 °C/sec in the present case. Values of the frequency factor are
shown in Table 3.2.
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Table 3.2. Parameters of the glow peaks and corresponding traps using McKeever-Chen
expression.
McKeever-Chen formula
Irradiation

YAG:0.2%Ce single crystal

YAG:0.1%Ce polycrystalline

YAG:0.3%Ce polycrystalline

ceramic

ceramic

time, sec
Tm,

FWHM,

E,

°C

°C

eV

30

129

36.3

0.90

60

129

36.2

120

128

300
Average

s, sec-1

Tm,

FWHM,

E,

°C

°C

eV

1.2x1010

128

34.7

0.94

0.90

1.2x1010

–

–

35.4

0.92

1.3x1010

129

–

–

–

–

129

36.0

0.91

1.2x1010

s, sec-1

s, sec-1

Tm,

FWHM,

E,

°C

°C

eV

2.2x1011

127

35.6

0.91

1.7x1010

–

–

–

–

–

–

33.7

0.97

2.6x1011

125

34

0.94

1.9x1010

129

32.9

1.00

2.8x1011

125

33.1

0.97

2.1x1010

129

33.8

0.97

2.5x1011

126

34.2

0.94

1.9x1010

The second method is based on the decomposition of glow curves by means of the GlowFit
software. The software fits experimental data using the least squares Levenberg-Marquardt
method and yields the peak position and the trap depth [27], which can be further extended to
calculate the s parameter using eq. (3.2). Figure 3.12 illustrates the best fit results for the 120 sec
irradiation time, while Table 3.3 summarizes the peak positions, Tm, trap depth, E, and frequency
factor, s, obtained from the best fit analysis of all samples and irradiation times. Comparison of
the present result of TL peak positions to the literature on TL of YAG:Ce (Figure 3.13) validates
the possibility of four types of traps being present in the investigated samples.

83

Figure 3.12. Decomposition of glow curves (black circles) of (a) YAG:Ce single crystal, (b)
YAG:0.1%Ce polycrystalline ceramic and (c) YAG:0.3%Ce polycrystalline ceramic X-ray
irradiated for 120 sec. The continuous red lines are the best fits obtained using GlowFit software;
the dotted red lines are the fit of the individual glow peaks.
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Figure 3.13. Comparison of the present results of TL peak positions to the literature on TL of
YAG:Ce [28-32]. Only reports using 1 °C/sec heating rate are presented since Tm is a function of
the heating rate. CZO is Czochralski grown single crystal.

Table 3.3. Parameters of the traps using glow curve fitting. Standard deviation is extracted based
on the results for 3 irradiation times.
GlowFit curve analysis
YAG:0.2%Ce single crystal

Tm,

E, eV

s, sec

-1

°C
128

YAG:0.1%Ce polycrystalline

YAG:0.3%Ce polycrystalline

ceramic

ceramic

Tm,

E, eV

s, sec

°C
1.03±0.01

11

6.55x10 ±

130

0.88±0.03

2.38x109±

1.02±0.01

1.50±0.04

3.62x1012±

154

0.66±0.06

1.21±0.08

2.06x109±

s, sec-1

11

3.52x10 ±

126

1.00±0.02

3.21x1011±

5.14x106±

2.8x1010
149

0.64±0.04

7.42x106
278

1.17±0.05

1.4x1012
298

E, eV

5.6x1010

9.6x108
275

Tm,
°C

7.3x1010
145

-1

3.31x109±

2.73x106
270

1.24±0.02

2.67x109
318

1.08±0.11

8.9x108

7.49x107±
9.3x107
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2.71x106±
2.03x1010±
1.1x1010

310

1.30±0.07

7.97x109±
9.5x108

The third method uses a combination of the McKeever-Chen expression and GlowFit
decomposition. Using Tm and FWHM of the decomposed glow-curves, the method yields almost
identical trap depth values and, consequently, similar s values to those obtained by glow curves
fitting (cf. Table 3.3).
The fourth method is known as multiple heating rates method or peak position method and
is based on the dependence of Tm on the heating rate β. Using several heating rates and noting the

(

)

value of the Tm each time, the plot of ln Tm2 β against 1/Tm can be made and a straight line of
slope E/k and intercept ln ( E / sk ) are obtained [33]. As a result, both E and s can be extracted
(Figure 3.14). Applying four different heating rates (β = 1, 2, 3, 5 °C/sec), the values of E and s
are calculated and are shown in Table 3.4.

86

Figure 3.14. Experimental points and fits for TL glow peaks using method of multiple heating
rates. (a) YAG:0.2%Ce single crystal, (b) YAG:0.1%Ce polycrystalline ceramic and (c)
YAG:0.3%Ce polycrystalline ceramic.

Table 3.4. Parameters of the traps using multiple heating rates method.
Multiple heating rates analysis
YAG:0.2%Ce single
YAG:0.1%Ce
crystal
polycrystalline ceramic
E, eV
s, sec-1
E, eV
s, sec-1

YAG:0.3%Ce
polycrystalline ceramic
E, eV
s, sec-1

Peak at ~129 °C

1.05

1.21x1012

0.80

5.87x108

0.83

1.84x109

Peak at ~278 °C

1.73

4.71x1014

1.30

3.03x1010

1.25

1.50x1010
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The temperature range investigated (above room temperature) allows probing of the socalled “deep” traps, which activation energy, E, is typically between 0.8-1.2 eV. On the other
hand, the attempt-to-escape frequency, s, value is limited by the magnitude of the lattice
vibration frequency, namely 1012-1014 sec-1 [22]. It can be seen from Tables 3.2, 3.3, and 3.4 that
the applied TL analysis methods give larger values of E for high temperature traps (200-350 °C)
and reasonable values for low temperature traps (50-170 °C); however, the majority of s values
are not within the expected frequency range. Based on the observed behavior, one might expect
additional traps or even a distribution of traps present in the inspected temperature range that
cannot be resolved with the discussed methods. Potential analysis methods that could allow the
extraction of more realistic E and s values are Tm-Tstop method and method of multiple heating
rates with heating rate range between 0.1-1 °C. Unfortunately, these measurements cannot be
performed with the current equipment.
Nevertheless, the TL analysis suggests that trap depth E is smaller for the polycrystalline
ceramic than for the single crystal, indicating shallower traps in the polycrystalline YAG:Ce
when compared to the single crystal.
Overall, a comparative investigation between polycrystalline ceramics and single crystal
YAG:Ce scintillators revealed the following reasons for the lower performance of the
polycrystalline ceramics:
•

Lower optical transparency

•

Higher level of structural disorder

•

Higher luminescence self-absorption

Additionally, TL analysis suggested that polycrystalline ceramics have shallower traps than
single crystal.
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In order to further extend this analysis and highlight other reasons undermining the
performance of polycrystalline scintillators, Ce-doped Lu3Al5O12 is investigated as a structural
analogy to YAG:Ce.
3.2 Comparative investigation of transparent ceramic and single crystal Lu3Al5O12:Ce
(LuAG:Ce) scintillators
Similar to YAG:Ce performance, literature review on LuAG:Ce presented in Chapter I (cf.
Figure 1.3) shows that the average luminosity is ca. 20% higher for the single crystal than for
polycrystalline ceramics. Luminosity is evaluated for the present samples relative to a BGO
single crystal using several gamma-ray point sources (133Ba,
measurements are illustrated in Figure 3.15 for

22

137

Cs,

241

Am,

57

Co,

22

Na). These

Na. The relative light yield of the

polycrystalline ceramic and single crystal as a function of gamma-ray energy is shown in Figure
3.16. Overall behavior shows that LuAG:Ce single crystal is ca. 20% brighter than BGO and ca.
2 times brighter than the polycrystalline ceramics, which qualitatively correlates with the
literature reports in Figure 1.3 showing that the average value of light output is higher for
LuAG:Ce single crystal than for polycrystalline ceramic. Both samples also present linear
response as a function of energy.
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Figure 3.15. Pulse height spectra of γ-rays from 22Na point source. (a) LuAG:Ce single crystal,
(b) LuAG:Ce polycrystalline ceramic and (c) BGO single crystal. Black circles are the
experimental data; red lines are Gaussian fits.
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Figure 3.16. Light yield of LuAG:Ce single crystal (black squares) and polycrystalline ceramic
(red circles) normalized to the light yield of a BGO crystal for each γ-ray energy used. The
continuous lines indicate the average value.

The microstructure was investigated by means of infrared spectroscopy using ATR FTIR
measurements. Figure 3.17 presents the spectra of the polycrystalline ceramic and single crystal
normalized to the most intense peak at ca. 700 cm-1. The structure of LuAG:Ce is composed of
octahedral and tetrahedral sites occupied by Al and dodecahedral sites occupied by Lu (and Ce).
The vibrational modes observed in the spectra in Figure 3.17 are correlated to the vibrations of
these structural units. The absorption band at 410 cm-1 is assigned to the translational mode of
the octahedral cations, the band at 445 cm-1 is a symmetric bend of the AlO4 tetrahedra, the
bands within ca. 470-600 cm-1 are the asymmetric bends of the tetrahedra, and the bands within
600-900 cm-1 are the asymmetric stretching modes of the tetrahedra [2, 34]. Broadening is
observed in the majority of the bands of the polycrystalline ceramic relative to those of the single
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crystal, with the FWHM of its bands being 4-5 cm-1 wider than for the crystal, as illustrated in
the inset of Figure 3.17. These results indicated concurrent distortion of all three types of
structural units. This could be understood by the shared nature of oxygen ions in the garnet
structure, with each oxygen ion being bonded to two dodecahedra, one octahedron, and one
tetrahedron, wherein tetrahedra and octahedra share edges with the dodecahedra [6].
Additionally, it is known for the garnet structure that an increase in the volume of the unit
cell is related to a decrease of the frequency of the vibrational modes [4, 6], but no systematic
shift of the bands of the polycrystalline ceramic is observed in relation to those of the single
crystal. The ATR FTIR measurements probe a large number of grains and grain boundaries, but
the results are dominated by the absorption of the grains due to the considerably larger volume of
the grains in comparison with the volume of the grain boundaries. Consequently, these results
showed the atomic network within the grains to be under identical conditions to those within the
single crystal. The broadening of the absorption bands is, therefore, ascribed to variations of the
interionic distances restricted to within the grain boundaries and indicates the presence of some
level of structural disorder confined to the grain boundaries.
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Figure 3.17. Normalized absorption ATR FTIR spectra of the LuAG:Ce single crystal and
polycrystalline ceramic normalized to the most intense peak. The inset illustrates the difference
in band width between the single crystal and polycrystalline ceramic.

Since the single crystal and polycrystalline ceramic are both visually transparent, their
optical properties are investigated in detail. The results of optical transmission measurements are
presented in Figure 3.18. Materials have absorption bands centered at about 2.76 and 3.55 eV
(449 and 349 nm, respectively) that were assigned to the Ce3+ 4f → 5d1 and 5d2 transitions,
respectively [35]. Both samples also exhibit high optical transparency down to about 500 nm
(2.48 eV) with transmission of the polycrystalline ceramic being lower (72%) than that of the
single crystal (82%), most likely due to residual porosity after sintering. This is supported by the
identification of residual porosity by means of positron annihilation spectroscopy measurements
of several oxide polycrystalline ceramics either sintered at high temperatures or sintered and hot
isostatically pressed (HIPed) [36, 37].
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Figure 3.18. Optical transmission of LuAG:Ce single crystal and polycrystalline ceramic.

PLE spectra monitored at 2.43 eV (510 nm) and PL spectra excited at 3.53 eV (351 nm) of
the single crystal and polycrystalline ceramic are presented in Figures 3.19a and 3.19b,
respectively. The excitation bands match the position of the absorption bands observed in the
optical transmission spectra (Figure 3.18) and are assigned to the 4f → 5d1,2 electronic transitions
of Ce3+. The fine structure superimposed to the excitation band between 2.6-2.9 eV has been
assigned to the sharp features from the Xe lamp used as the excitation source [9]. The FWHM of
the PLE bands is ca. 1.3 times broader for the polycrystalline ceramic than for the single crystal
due to inhomogeneous broadening, i.e. the 4f → 5d transition is not shielded from the crystalline
field thus presenting different spectroscopic characteristics depending on the local environment
of the Ce3+ ion. The resulting enhanced self-absorption in the polycrystalline ceramic is found to
be ca. 1.8 times higher than in the single crystal based on the ratio of the intersection area
between the PL and PLE spectra within 2.4-2.8 eV divided by the total area of the PL spectrum.
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PL spectra are composed of a broad band centered at around 2.43 eV. This band is
deconvoluted into two Gaussian bands centered at 2.30 and 2.49 eV (Figures 3.19a and 3.19b).
These bands are assigned to the 5d1 → 4f (2F5/2, 2F7/2) transitions, with the ground state split into
two levels due to spin-orbit coupling. The same split of ca. 0.18 eV is observed in both samples,
as expected by the highly localized nature of the spin-orbit interaction not being affected by the
local environment of the Ce3+ ions. A Stokes shift of ca. 0.34 eV is found in both the crystal and
the polycrystalline ceramic. No difference in position and FWHM of the Gaussian bands is
observed between the single crystal and the polycrystalline ceramic.

Figure 3.19. PL (blue circles) and PLE (black circles) spectra of a) single crystal, and b)
polycrystalline ceramic. Gaussian deconvolution (red dotted lines) of PL spectra together with
best fit (red continuous lines) are also shown.
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Further investigation of luminescent properties is done by means of radioluminescence. RL
spectra present an intense band peaked at ca. 2.43 eV that is assigned to the emission of Ce3+
(Figure 3.20a for the single crystal and Figure 3.20b for the polycrystalline ceramic). The results
of the deconvolution of this band with two Gaussian bands are similar to the results of the
deconvolution of the PL spectra and are not discussed further. RL measurements also revealed
weaker emissions above ca. 3 eV. It has been noticed that the absorption bands of Ce3+ ions
centered at 2.76 and 3.55 eV form two “peaks” in this region of the RL spectra [12, 38]. These
“peaks”, however, do not necessary correspond to individual defects but are the result of the
partial absorption of the emission band of the defects by the Ce3+ ions [38, 39]. Accordingly, the
observed drop of RL intensity centered at ca. 3.6 eV in the present RL spectra (Figures 3.20c and
3.20d) is explained by the absorption band of Ce3+ ions (i.e., the 4f → 5d1 transition), as shown
in Figure 3.21, where the optical transmission and RL spectra of polycrystalline ceramic and
single crystal are superimposed.
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Figure 3.20. RL spectra (black circles) together with Gaussian deconvolution (green lines) and
best fit (red lines) for the single crystal (a and c), and polycrystalline ceramic (b and d). Figures
(c) and (d) highlight the weaker defect-related emission.

Figure 3.21. Superimposition of RL results (blue lines) and optical transmission results (red
lines) for the a) single crystal, and b) polycrystalline ceramic.
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According to previous investigations of LuAG, emission bands centered at 3.10 and 3.15
eV have been assigned to an F+-type defect [40, 41], while emission at 2.99 eV has been related
to the presence of oxygen vacancies [42]. Emission at 3.25 and 3.45 eV has been attributed to Ce
occupying an Al site (CeAl), and emission at ca. 3.18 eV was related to CeAl perturbed by a
defect in a nearby Lu site [43]. Emission bands within 4.13-4.28 eV have been attributed to the
emission of excitons localized around LuAl antisite defects [12, 21, 44]. Moreover, a broad
emission band within ca. 2.75-5.25 eV superimposed to the bands above has been assigned to the
luminescence of LuAl antisite defects [12, 21, 38, 41]. According to a literature survey, the
presence of F+-type, CeAl, perturbed CeAl, and LuAl defects are compatible with the present
results. While it is not possible to identify the presence of individual defects because spectra
deconvolution is unreliable, RL results are used to quantify the relative concentration of defects
in two samples by assuming the intensity of the RL band to be proportional to the concentration
of the defects. Due to the difficulties in making absolute intensity measurements, the total
intensity of the defect-related emission (2.85-4.0 eV) is normalized to the intensity of the Ce3+
band (1.65-2.85 eV) in each respective spectrum. This analysis shows a much weaker relative
intensity of the defect-related band in the case of the polycrystalline ceramic (2 % of the Ce3+
band) compared to the single crystal (14 % of the Ce3+ band). Normalizing these results to the
cerium concentration in each of the samples (the cerium concentration in the polycrystalline
ceramic is 1.5 times the concentration in the single crystal), it was estimated that there are 11
times more luminescent defects in the single crystal than in the polycrystalline ceramic.
In order to obtain complementary data on defect-related emissions, additional PL and PLE
measurements were performed. PLE measurements monitored at 2.95 eV and PL measurements
excited at 3.53 eV are shown in Figures 3.22a and 3.22b for the single crystal and polycrystalline
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ceramic, respectively. The PLE spectra are composed of three distinct bands at 3.43, 4.13, and
4.62 eV, and the PL spectra had a broad band peaked at 3.12 eV with a shoulder at 2.97 eV.
Literature review of defect-related excitation and emission in LuAG is done in order to
understand the nature of these bands (see Table 3.5). Based on these results, emission at 3.12 eV
together with the excitation band at 3.43 eV are assigned to F+-type center, while the 2.97 eV
band is assigned to an unknown defect related to oxygen vacancies, in agreement with results
reported for Czochralski-grown LuAG:Ce single crystals [42]. PL measurements excited at 4.13
and 4.62 eV yielded similar spectra as those excited at 3.43 eV. The band at 4.62 eV is found in
good agreement with an unidentified excitation band at ca. 4.65 eV observed in an undoped
Czochralski-grown LuAG single crystal annealed in H2 atmosphere [40]. To the best of our
knowledge, the excitation band at 4.13 eV has not been previously reported in the literature.

Figure 3.22. PLE spectrum monitored at 2.95 eV (420 nm; red), and PL spectrum excited at 3.53
eV (351 nm; blue) for a) single crystal and b) polycrystalline ceramic.
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Table 3.5. Literature review of defect excitation and emission in LuAG and LuAG:Ce at room
temperature in the order of increasing emission energy.
Absorption/Excitation and defect
Type of material

Ce-doped crystal

Emission and defect type

Reference

3.32 eV (373 nm), 3.72 eV (333 nm),

2.61 eV (475 nm), 2.99 eV (415 nm)

[42]

4.29 eV (289 nm), 4.68 eV (265 nm)

→ VO

type

→ VO
–

3.10 eV (400 nm) → F+

[41]

3.40 eV (365 nm), 5.30 eV (234 nm),

3.15 eV (394 nm) → F+

[40]

–

3.26 eV (380 nm) → LuAl

[45]

Ce-doped crystal

–

3.32 eV (374 nm) → ?

[12]

Ce-doped

–

3.65 eV (340 nm) → ?

[41]

Ce-doped crystal

–

3.70 eV (335 nm) → LuAl

[21]

Ce-doped ceramic

–

3.76 eV (330 nm) → LuAl

[35]

Ce-doped crystal

–

3.77 eV (329 nm) → LuAl

[12]

Ce-doped crystal

–

3.90 eV (318 nm) → LuAl

[38]

Ce-doped crystal

–

4.13 eV (300 nm) → LE at LuAl

[44]

Ce-doped crystal

–

4.22 eV (294 nm) → LE at LuAl

[21]

Ce-doped crystal

–

4.28 eV (290 nm) → LE at LuAl

[12]

Ce-doped
nanoceramic
Undoped crystal

6.10 eV (203 nm) → F+
Ce-doped ceramic
(Lu-rich)

nanoceramic

4.43 eV (280 nm) → ?
Ce-doped

4.77 (260 nm ) → unknown defect

–

nanoceramic

related to VO
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[41]

Further comparison between LuAG:Ce single crystal and ceramic scintillators is done by
means of thermoluminescence. TL measurements of LuAG:Ce bulk single crystals grown by the
micro-pulling and Czochralski methods as well as of LuAG:Ce single-crystalline films prepared
by the liquid phase epitaxy (LPE) method have been reported previously. On the other hand, to
the best of author’s knowledge, results and analysis shown in the present work is the first TL
investigation of a LuAG:Ce transparent polycrystalline ceramic. The summary of all the glow
peaks, including present work, for measurements above room temperature [42, 46-51] is
presented in Figure 3.23. Interestingly, not all the same glow peaks were observed in all samples.
Within the temperature range of 15 oC or less, some glow peaks were consistently reported.
Within 45-50 oC [46-49], 79-88 oC (present work and [47-49]), and 269-284 oC (present work
and [47-49]), glow peaks were consistently observed in the samples prepared by Czochralski and
micro-pulling methods, and within 97-110 oC (present work and [42, 50]) in samples prepared by
Czochralski and LPE methods. All the glow peaks observed in the polycrystalline ceramic were
also consistently observed in the samples prepared by Czochralski method (present work and
[48, 49]). A larger number of glow peaks were consistently reported for the samples prepared by
micro-pulling and Czochralski methods (typically 5-6 peaks [46-49]) than for the singlecrystalline films (2 or 4 peaks [50, 51]) and the polycrystalline ceramic (2 peaks). Results by
Douissard et al. [50] also showed that the number of glow peaks and the peak position are not
affected by the Ce content, at least within 5-10 mol%. A possible source of discrepancy in the
peak position of results reported from the single crystalline film studies is the heating rate, not
reported in [50, 51] (all other results were obtained with a 1 oC/sec heating rate). Overall, these
results suggested that different traps are created by different fabrication methods.
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It is noted that in all cases but the present work, the number of peaks was extracted by
visual analysis only with many of the reported glow peaks being considerably broad, especially
for the samples prepared by LPE method. This approach allows for the presence of weaker glow
peaks to go undetected by visual analysis. The present work involves a series of TL analysis
methods, including the aforementioned visual analysis combined with McKeever-Chen model,
decomposition by means of GlowFit software, and a combination of these two methods.

Figure 3.23. Comparison of the present results of TL peak positions to the literature on TL of
LuAG:Ce [42, 46-51].

Representative results of mass-normalized TL measurements are shown in Figure 3.24.
The glow curves are dominated by the emission within ca. 180-340 oC, together with glow peaks
within 50-120 oC and 340-400 oC. Before analysis, TL results are corrected for luminescence
(RL) thermal quenching by suitable linear best fits of the integral RL response as a function of
temperature shown in the right inset of Figure 3.24. As a result, mass-normalized integrated TL

102

intensity is found to be ca. 1.6 times larger for the ceramic than that for the single crystal;
however, this is explained by means of the difference in cerium concentration, which is 1.5 times
larger for the ceramic than for the single crystal.

Figure 3.24. Mass-normalized TL glow curves of LuAG:Ce single crystal (black circles) and
polycrystalline ceramic (red circles). The continuous lines are the best fit obtained with GlowFit
software, and the dotted lines are the fit of the individual glow peaks. Left inset shows the glow
curve and the results of the fitting procedure for the single crystal within 50-125 oC; right inset
shows integral RL response as a function of temperature.

The order of kinetics of each glow peak is investigated employing X-ray irradiation with
different durations, from 30 to 300 seconds, together with monitoring of the peak position. These
results are shown in Figure 3.25 and reveal all glow peaks to have first-order kinetics due to the
lack of a systematic shift of the peak position for increasing irradiation doses.
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Figure 3.25. TL glow curves of a) single crystal, and b) polycrystalline ceramic obtained after
irradiation with X-ray for different times. The vertical dotted lines are provided for clarity.

The glow curves are further analyzed using the aforementioned methods based on the
first order of kinetics. The first method applies the expression (3.1) developed by McKeever and
Chen [25, 26] and eq. (3.2) using visually extracted peak position, Tm, and FWHM of the
experimental glow peaks. The results are presented in Table 3.6, where only values for the
polycrystalline ceramic are calculated since FWHM cannot be extracted for the glow peaks of
the single crystal.
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Table 3.6. Parameters of the glow peaks and corresponding traps using McKeever-Chen
expression.
McKeever-Chen formula
LuAG:Ce polycrystalline ceramic
FWHM, °C
E, eV
s, sec-1
Peak at ~88 °C

38.4

0.72

7.22x108

Peak at ~280 °C

67.3

0.91

5.66x106

The second method of analysis is decomposing the experimental data with the GlowFit
software [27]. The highest temperature glow peak of the polycrystalline ceramic cannot be fit
with the software because its position is beyond the operational range of the TL reader. The best
fit procedure confirmed the absence of glow peaks at 160 and 237 oC for the polycrystalline
ceramic, and revealed the presence of two glow peaks within 50-120 oC for both samples. Figure
3.24 illustrates the best fit results for the 120 sec irradiation (continuous lines) for both the single
crystal and the polycrystalline ceramic while Tables 3.7 and 3.8 summarize the peak positions,
Tm, trap depth, E, and s values calculated based on eq. (3.2) for all irradiation times.
The third method uses eq. (3.1) with FWHM and Tm extracted from the fitting of each
glow peak for the calculation of the trap depth. This analysis could not be done for the highest
temperature glow peak because FWHM could not be determined. Tables 3.9 and 3.10 summarize
the peak positions, Tm, trap depth, E, and calculated based on eq. (3.2) s values for all irradiation
times.
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Table 3.7. Summary of the analysis of glow curves of LuAG:Ce polycrystalline ceramic using GlowFit software for different
irradiation times. “?” indicates values that could not be calculated; “-” indicates the glow peak was absent.
Irradiation

Peak at ~105 °C

Peak at ~88 °C

Peak at ~160 °C

Peak at ~234 °C

Peak at ~281 °C

Peak at ~391 °C

time

Tm

E

s

Tm

E

s

Tm

E

s

Tm

E

s

Tm

E

s

Tm

E

s

(s)

(oC)

(eV)

(sec-1)

(oC)

(eV)

(sec-1)

(oC)

(eV)

(sec-1)

(oC)

(eV)

(sec-1)

(oC)

(eV)

(sec-1)

(oC)

(eV)

(sec-1)

30

87

0.87

1.2x1011

104

0.69

9.4x107

-

-

-

-

-

-

284

0.88

3.0x106

>400

?

?

120

89

0.88

1.4x1011

107

0.67

4.1x107

-

-

-

-

-

-

285

0.90

4.5x106

>400

?

?

300

88

0.88

1.5x1011

104

0.70

1.3x108

-

-

-

-

-

-

282

0.93

9.7x106

>400

?

?

Average

88

0.88

1.4x1011

105

0.69

8.8x107

-

-

-

-

-

-

284

0.90

5.7x106

>400

?

?

Table 3.8. Summary of the analysis of glow curves of LuAG:Ce single crystal using GlowFit software for different irradiation times.
Irradiation
time (s)

Peak at ~105 °C

Peak at ~88 °C

Peak at ~160 °C

Peak at ~234 °C

Peak at ~281 °C

Peak at ~391 °C

Tm

E

s

Tm

E

s

Tm

E

s

Tm

E

s

Tm

E

s

Tm

E

s

(oC)

(eV)

(sec-1)

(oC)

(eV)

(sec-1)

(oC)

(eV)

(sec-1)

(oC)

(eV)

(sec-1)

(oC)

(eV)

(sec-1)

(oC)

(eV)

(sec-1)

30

84

1.04

4.5x1013

100

0.99

1.9x1012

163

1.13

7.9x1011

237

1.44

1.1x1013

282

1.27

1.6x1010

391

1.75

8.8x1011

120

83

1.01

1.3x1013

100

1.03

7.0x1012

159

1.10

4.6x1011

233

1.45

1.8x1013

280

1.24

9.3x109

390

1.73

6.4x1011

300

83

1.02

2.5x1013

101

1.06

1.7x1013

159

1.08

2.6x1011

233

1.48

3.7x1013

280

1.30

3.4x1010

393

1.52

1.3x1010

Average

83

1.02

2.8x1013

100

1.03

8.6x1012

160

1.10

5.0x1011

234

1.45

2.2x1013

281

1.27

2.0x1010

391

1.67

5.1x1011

106

Table 3.9. Summary of the analysis of glow curves of LuAG:Ce polycrystalline ceramic using combination of GlowFit software and
McKeever-Chen formula for different irradiation times. “?” indicates values that could not be calculated; “-” indicates the glow peak
was absent.
Irradiation

Peak at ~88 °C

Peak at ~105 °C

Peak at ~160 °C

Peak at ~234 °C

Peak at ~281 °C

Peak at ~391 °C

time

FWHM

E

s

FWHM

E

s

FWHM

E

s

FWHM

E

s

FWHM

E

s

FWHM

E

s

(s)

(oC)

(eV)

(sec-1)

(oC)

(eV)

(sec-1)

(oC)

(eV)

(sec-1)

(oC)

(eV)

(sec-1)

(oC)

(eV)

(sec-1)

(oC)

(eV)

(sec-1)

30

33.3

0.87

1.2x1011

40.8

0.68

6.7x107

-

-

-

-

-

-

67.4

0.89

3.7x106

>400

?

?

120

34.1

0.89

1.9x1011

40.6

0.69

7.8x107

-

-

-

-

-

-

69.2

0.88

2.9x106

>400

?

?

300

33.3

0.89

2.1x1011

41.1

0.70

1.3x108

-

-

-

-

-

-

65.8

0.92

7.2x106

>400

?

?

Average

33.6

0.88

1.7x1011

40.8

0.69

9.2x107

-

-

-

-

-

-

67.5

0.90

4.6x106

>400

?

?

Table 3.10. Summary of the analysis of glow curves of LuAG:Ce single crystal using combination of GlowFit software and
McKeever-Chen formula for different irradiation times. “?” indicates values that could not be calculated.
Irradiation
time (s)

Peak at ~88 °C

Peak at ~105 °C

Peak at ~160 °C

Peak at ~234 °C

Peak at ~281 °C

Peak at ~391 °C

FWHM

E

s

FWHM

E

s

FWHM

E

s

FWHM

E

s

FWHM

E

s

FWHM

E

s

(oC)

(eV)

(sec-1)

(oC)

(eV)

(sec-1)

(oC)

(eV)

(sec-1)

(oC)

(eV)

(sec-1)

(oC)

(eV)

(sec-1)

(oC)

(eV)

(sec-1)

30

24.8

1.06

8.8x1013

34.2

0.95

5.4x1012

34.0

1.14

1.0x1012

35.8

1.45

1.4x1013

49.6

1.28

2.0x1010

?

?

?

120

25.4

1.02

1.4x1013

27.4

1.04

9.6x1012

34.2

1.11

6.1x1011

36.6

1.46

2.3x1013

48.8

1.24

9.3x109

?

?

?

300

25.3

1.03

2.2x1013

30.6

1.08

3.2x1013

34.9

1.09

3.5x1011

35.1

1.49

4.6x1013

47.3

1.31

4.3x1010

?

?

?

Average

25.2

1.04

4.1x1013

30.7

1.02

1.6x1013

34.4

1.11

6.5x1011

35.8

1.47

2.8x1013

48.6

1.28

2.4x1010

?

?

?

107

For all of the discussed methods, the acceptable ranges of values of E and s are 0.8-1.2
eV and 1012-1014 sec-1, respectively. It can be seen that most of the E values in the Tables 3.63.10 are within acceptable range; however, most of the s values significantly deviate from the
expected range. This can be understood by looking at the dependence of the FWHM of the glow
peaks on the peak temperature. Using eq. (3.1), function FWHM (T) can be plotted for different
energy values, as shown in Figure 3.26. Comparing the experimental values of FWHM with
expected values from Figure 3.26, one can see that in most of the cases experimental values do
not match the extracted ones (e.g., experimental glow peak at ca. 88 °C of the polycrystalline
ceramic (red circles in Figure 3.24) has FWHM = 36.9 °C, while range of calculated FWHM at
this temperature is 24.4-31.8 °C; glow peak at ca. 105 °C of the polycrystalline ceramic revealed
by means of deconvolution has FWHM = 40.8 °C, while range of calculated FWHM at this
temperature is 26.6-35.9 °C). This confirms a possibility of additional traps or even a distribution
of traps present in the inspected temperature range that cannot be resolved, similar to a
discussion on YAG:Ce. Additional TL methods using different methods of analysis need to be
performed, which is not available with the current equipment.
Nonetheless, TL analysis applied in the present work suggests that LuAG:Ce
polycrystalline ceramic has lower activation energy of the traps than that of the single crystal, as
shown in Figure 3.27.
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Figure 3.26. Dependence of the FWHM of the glow peaks on the peak temperature, according to
eq. (3.1).

Figure 3.27. Activation energy, E, of the traps in LuAG:Ce single crystal and
polycrystalline ceramic for different peak positions, Tm.
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Overall comparative investigation between polycrystalline ceramic and single crystal
LuAG:Ce scintillators reveals following reasons for the lower performance of the polycrystalline
ceramics:
•

Lower optical transparency

•

Higher level of structural disorder

•

Higher luminescence self-absorption

TL analysis suggests that the polycrystalline ceramic have shallower traps than the single
crystal.
To evaluate how these factors depend on the particular dopant and fabrication of the garnet
scintillators, Pr-doped LuAG sintered at several different temperature is investigated.
3.3. Microstructure and optical and luminescence properties of Lu3Al5O12:Pr
(LuAG:Pr)
LuAG:Pr polycrystalline ceramics fabricated at different sintering temperatures (1400,
1500, 1600, 1700 °C) are prepared by M.R. Marchewka as part of his MSc thesis. For
completeness, density, grain size, and XRD results obtained by M.R. Marchewka are briefly
presented here. The dependence of the relative density of the polycrystalline ceramics on the
sintering temperature is determined according to Archimedes method. Achievement of high
density is one of the crucial fabrication aspects for scintillating ceramics, as it is responsible for
the stopping power (efficiency of the absorption of ionizing radiation) of a scintillator, as well as
transparency of the material to the emitted light. The investigated polycrystalline ceramics
exhibit linear dependence of the density on sintering temperature, achieving a highest value of
93.2±2.2% of the theoretical density at 1700 °C (Figure 3.28A).
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Average grain size measurements are based on SEM images and calculated according to
ASTM E 112-96 [52, 53]. Increase of the average grain size from 0.38 to 1.9 µm is observed for
samples sintered from 1400°C to1700°C (Figure 3.28B). These grain size values are found to be
in agreement with those reported in the literature [54-56]. Additionally, by means of EDX
analysis, the concentration of Pr in the polycrystalline ceramics was estimated to be 0.18±0.012
at.% [57].

Figure 3.28. (A) Evolution of the density of LuAG:Pr polycrystalline ceramic as a function of
sintering temperature; (B) Average grain size as a function of the relative density. Horizontal
error bars show the variation of the relative density.

Diffractograms of LuAG:Pr polycrystalline ceramics, obtained by means of XRD, were
matched to PDF (Powder Diffraction File) card no. 01-073-1368, confirming that the cubic
garnet phase has been obtained in all sintered samples. The possibility of the formation of the
unwanted, secondary phases like Pr2O3 and PrAlO3 was also investigated by performing detailed
scans of 2θ values within the region between 16° and 36° (Figure 3.29A) where the most intense
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peaks of these secondary phases would be. The presence of the secondary phases was not
detected, and the reduction of the amorphous phase as sintering temperature increases from
1400°C to 1700°C was observed. Furthermore, comparison of the width of XRD peaks at
different sintering temperatures shows narrowing of observed peaks as a function of increasing
temperature (Figure 3.29B), which reveals lower structural disorder in the polycrystalline
ceramics sintered at higher temperatures. Additionally, the lattice parameter as a function of the
sintering temperature was calculated based on the XRD results. The lattice parameter value was
found to increase for higher sintering temperatures until reaching the reported value for LuAG,
according to PDF card no. 01-073-1368 (Figure 3.29C). The increase of the lattice parameter
towards the PDF reported value reveals the relaxation of the atomic network through the relief of
residual compressional stress for higher sintering temperatures.

112

Figure 3.29. (A) XRD investigation of LuAG:Pr polycrystalline ceramics as a function of
sintering temperature. PDF card no. 01-073-1368 is shown as red bars at the bottom of the
figure; (B) Comparison of the width of the XRD peak at different sintering temperatures. The
right sides of the peaks are matched in order to highlight the difference in width; (C) Lattice
parameter of polycrystalline LuAG:Pr as a function of sintering temperature.

Infrared spectroscopy is used to gain further insights into the microstructure of LuAG:Pr by
means of ATR FTIR measurements. Figure 3.30 presents the spectra of the polycrystalline
ceramics and the single crystal normalized to the most intense peak at ca. 700 cm-1. The
vibrational modes observed in the spectra are identical to those discussed for LuAG:Ce and are
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assigned accordingly. It is noted that the increase of the sintering temperature changes the shape
and relative intensity of the ATR FTIR spectra of the polycrystalline ceramics towards the
spectrum of the single crystal with the specimen sintered at 1700 °C having the majority of the
peaks with the same or similar shape, intensity, and position to the reference LuAG:Pr single
crystal. The observed changes indicate modifications within the structural units of the
polycrystalline ceramics, with the increase of the sintering temperature leading to the change of
the polycrystalline ceramic structure towards the direction of highly ordered crystal structure.
This conclusion is also supported by results for the lattice parameter as a function of sintering
temperatures, as discussed earlier.

Figure 3.30. ATR FTIR spectra of LuAG:Pr single crystal and polycrystalline ceramics
fabricated at various sintering temperatures.

Optical transmission measurements of the polycrystalline ceramics fabricated at different
sintering temperatures are shown in Figure 3.31. Fabrication temperature clearly affects
transmission of ceramics in the visible and ultraviolet regions. It is observed that the increase of
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the sintering temperature is advantageous in increasing the transparency of the resultant material.
The highest temperature investigated (1700 °C) allows for the resolution of the two absorption
bands at ca. 255 nm (4.86 eV) and 295 nm (4.20 eV), which are assigned to 4f (3H4) → 5d1,2
transitions of Pr3+ [58, 59]. The numerous sharp absorption bands in the range of 420-500 nm
(2.48-2.95 eV) and 570-620 nm (2.00-2.18 eV) can be observed from the sample sintered at as
low as 1500 °C with the absorption becoming more pronounced as the temperature increases.
These bands are assigned to multiple 4f → 4f electronic transitions of the Pr3+ dopant [54, 58].

Figure 3.31. Transmission spectra of LuAG:Pr polycrystalline ceramics fabricated at various
sintering temperatures.
4f → 5d and 4f → 4f absorption bands observed in the transmission spectra result in an
excitation of Pr3+ in the LuAG matrix that eventually leads to de-excitation of the dopant and
emission of light. This emission is explored by means of radioluminescence. Figure 3.32A
presents normalized RL spectra of the single crystal and polycrystalline ceramics obtained with
the use of different sintering temperatures. All investigated samples show the clear presence of
5d → 4f transitions (ca. 2.7–4.4 eV) and 4f → 4f transitions (ca. 1.65–2.7 eV) [55, 60].
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Evaluation of the ratio of integrated intensities of emission from aforementioned transitions
(Figure 3.32B) shows that the increase of the sintering temperature favors 5d → 4f transitions
relative to 4f → 4f transitions. This phenomenon can be understood by comparing the energies
and nature of the 4f and 5d levels of Pr3+ ion in the host material. 4f levels are shielded from the
influence of the surrounding host matrix, which results in the minimization of the crystal field
influence on the 4f → 4f transitions. On the other hand, since 5d levels lack shielding provided
by outer electrons, the 5d → 4f transitions are greatly affected by the chemical and
crystallographic nature of the host [61]. Thus, the relief of the residual stress in the atomic
network and decrease of the structural disorder that were shown to progressively happen for
higher sintering temperatures is expected to affect 5d → 4f transitions relatively more than the 4f
→ 4f transitions, asymptotically approaching the ratio for the single crystal.

Figure 3.32. (A) RL spectra of LuAG:Pr normalized to the most intense peak at ca. 3.3 eV; (B)
Ratio of the integrated intensities of emission from 5d → 4f transitions (integrated from ca. 2.725.38 eV) to 4f → 4f transitions (integrated from ca. 1.65–2.72 eV) of Pr3+ as a function of
sintering temperature.
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Further investigation of 5d → 4f transitions of Pr3+ using deconvolution of the experimental
RL spectra with Gaussian bands revealed the four existing transitions from the 5d state to 3F3(4),
3

H6, 3H5, 3H4 4f states, with maxima at 3.26±0.01 eV, 3.41±0.02 eV, 3.84±0.01 eV, 4.04±0.02

eV, respectively (Figures 3.33A-E) [59, 62, 63]. These results suggest that the sintering
temperature does not affect the position or number of observed 5d → 4f transitions; however,
change of the sintering temperature might affect the relative intensity of these transitions. This
possibility is explored by evaluating integrated intensities of 5d → 3F3(4) (black squares), 5d →
3

H6 (red circles), 5d → 3H5 (blue triangles), and 5d → 3H4 (purple rhombus) transitions relative

to the total integrated RL intensity of 5d → 4f transitions of Pr3+ (Figure 3.33F). The 5d → 3F3(4)
transition is the least affected transition, with the relative intensity ratio staying almost constant
with sintering temperature and coinciding with the value obtained for the single crystal (black
dash line). On the contrary, the fabrication of LuAG:Pr polycrystalline ceramics at higher
sintering temperatures affects 5d → 3H6(5,4) transitions changing their relative intensity towards
respective values for the single crystal. This behavior reflects the changes observed within the
microstructure (i.e., higher density, lower residual stress of the atomic network, lower structural
disorder) as it relaxes to the single crystal.
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Figure 3.33. RL spectra (black curves) of polycrystalline ceramics sintered at (A) 1400 °C, (B)
1500 °C, (C) 1600 °C, (D) 1700 °C, and (E) RL spectra of the single crystal together with the
best fit of each spectrum (red curves) and the individual Gaussian bands (green curves) used in
the deconvolution. Only 5d → 4f transitions are shown. (F) Integrated intensities of 5d → 3F3(4)
(black squares), 5d → 3H6 (red circles), 5d → 3H5 (blue triangles) ), and 5d → 3H4 (purple
rhombs) transitions relative to the total integrated intensity. Values of the ratios for the single
crystal are shown as dash lines of the corresponding color.
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In order to gain further insight into the effect of the sintering temperature, luminescence is
investigated under UV excitation (photoluminescence). Figure 3.34 shows excitation and the
corresponding emission spectra of the investigated LuAG:Pr. In Figure 3.34A, the emission
bands between 2.75-4.25 eV correspond to 5d → 4f transitions, which were already observed by
means of RL, with a very minor contribution from 4f → 4f transitions around 2.54 eV. Excitation
bands that lead to this emission are located around 4.26 eV and 4.99 eV and are assigned to the
two lowest 4f (3H4) → 5d1,2 transitions of Pr3+, respectively [59]. It is interesting to note that the
position of the higher-energy excitation band (at 4.99 eV) appears to be independent of the
sintering temperature, while the lower-energy excitation band continuously shifts from ca. 4.32
eV to 4.20 eV as the temperature increases.
Besides 5d → 4f transitions, Pr3+ also exhibits 4f → 4f transitions, which are presented in
Figure 3.34B. Emission bands can be seen from 1.61 eV to 2.65 eV and are identified in Table
3.11 [60]. Peak positions are the same for all samples and independent of the sintering
temperature due to the shielding of 4f levels [61]. The temperature seems to have an effect on the
intensity of the emission bands, increasing the intensity for higher temperatures. This is, most
probably, related to the improved microstructure at higher sintering temperatures that resulted in
the decrease of possible light loss pathways, increasing the emission intensity. 4f → 4f excitation
bands are observed between 2.6-3.0 eV, where the most intense band is located at 2.74 eV and
corresponds to 3H4 → 3P2 transition [64]. It is also noted that the excitation spectra have bands
between 4.0-5.0 eV, which are a minor contribution from 4f → 5d transitions, as well as, a band
between 3.0-3.75 eV, which is due to defects and is further investigated.
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Figure 3.34. Normalized emission (PL; solid lines) and excitation (PLE; dashed lines) spectra of
LuAG:Pr polycrystalline ceramics and single crystal. (A) Spectra corresponding to 4f → 5d and
5d → 4f transitions of Pr3+. PLE spectra were monitored at 3.31 eV, and PL spectra were excited
at 4.28 eV; (B) Spectra corresponding to 4f → 4f transitions of Pr3+. PLE spectra were monitored
at 2.54 eV, and PL spectra were excited at 2.74 eV.
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Table 3.11. 4f → 4f transitions observed in PL measurements of LuAG:Pr [60].
Energy (eV)

Transition

1.66
1.70
1.73
1.77
1.80
1.88
1.94
1.96
2.00
2.01
2.03
2.07
2.19
2.22
2.26
2.33
2.47
2.54
2.61

P0 → 3F4
?
3
P1 → 3F4
1
D2 → 3H5
3
P1 → 3F3
3
P2 → 3F4
3
P0 → 3F2
3
P2 → 3F3
3
P1 → 3F2
3
P0 → 3H6
1
D2 → 3H4
3
P1 → 3H6
3
P2 → 3H6
?
3
( P0 → 3H5) ?
3
P1 → 3H5
3
P2 → 3H5
3
P0 → 3H4
3
P1 → 3H4
3

In order to understand the origin of the unknown excitation band between 3.0-3.75 eV in
Figure 3.34B, its peak position is used to obtain PL spectra and corresponding PLE spectra
(Figure 3.35). PL is dominated by the band with the maximum at ca. 2.95 eV and a contribution
from 4f → 4f emission between 1.69–1.91 eV. Sharp features observed at 2.51–2.72 eV matched
well the positions of 4f → 4f absorption bands, meaning that there is energy transfer between the
4f → 4f transitions of Pr3+. The corresponding PLE spectra show excitation bands at ca. 3.30 eV
and between 4.0–5.25 eV. The latter corresponds to the 4f → 5d transitions of Pr3+ and shows
that there is an energy transfer from Pr3+ to the observed defect. This situation is highly
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unfavorable for the scintillation process as it results in a light loss and decreases the efficiency of
LuAG:Pr as a scintillator. Thus, it is important to identify the aforementioned defect. It is
reported for LuAG:Pr, that the F+-type centers absorb at ca. 3.31 eV [65, 66], which is close to
the position of the observed excitation band. However, the emission band of F+-type center in the
undoped LuAG is shown to be at ca. 3.15 eV [40], which does not match the observed defect
emission. Based on the analogy with LuAG:Ce, the most probable candidate appeared to be an
oxygen vacancy. The most intense PLE band related to the oxygen vacancies in LuAG:Ce was
reported to be at ca. 3.32 eV [42, 67], and the emission bands were located at ca. 2.99 eV and
2.61 eV [42]. The first two bands (at 3.32 eV and 2.99 eV) are fairly close to the positions
observed in the present investigation (3.30 eV and 2.95 eV, respectively) and the 2.61 eV band
might partially be suppressed by reabsorption from 4f → 4f excitation bands and, as a result,
appeared only as a tail of the main emission peak at 2.95 eV. Based on these results, emission at
2.95 eV together with the excitation band at 3.30 eV was related to the presence of oxygen
vacancies.
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Figure 3.35. Normalized emission (PL; solid line) and excitation (PLE; dashed line) spectra of
defects in LuAG:Pr polycrystalline ceramics and single crystal. PLE spectra were monitored at
2.95 eV, and PL spectra were excited at 3.30 eV.

Further, the effect of the sintering on the defects in LuAG:Pr is investigated by means of
thermoluminescence. Figure 3.36 compares normalized glow curves of the polycrystalline
ceramics and the single crystal. The glow curves from the polycrystalline samples are dominated
by a band centered at 225 °C. It can be seen that FWHM of this glow peak is ca. 46.6 °C, and the
expected range of FWHM for the peak at this temperature is 45.5-60.9 °C, which indicates that
the peak is composed of a single band. The glow curve of the single crystal presents a dominant
peak at 245 °C, a shoulder at 165 °C, and a shoulder at 285 °C, which seems to be absent in the
case of the polycrystalline ceramics, as well as a band at 93 °C, which is similar to the peak of
the polycrystalline ceramics. Additional bands can be seen above about 330 °C but due to
limitations of the thermal range of the TL reader, it was not possible to execute a reliable
analysis.
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Figure 3.36. Normalized TL glow curves of the single crystal and the polycrystalline ceramics
sintered at different temperatures. The inset highlights peak in the region of 50–150 °C.

Since the polycrystalline samples are opaque and, therefore, the light is coming only from
the surface of the material, the TL glow curves were normalized by the surface area of the
polycrystalline ceramics to allow for comparison. While TL results cannot specifically identify
the nature of the traps involved, the change of the peak intensity can correspond to the change of
the concentration of the traps. In Figure 3.37, typical glow curves from polycrystalline LuAG:Pr
sintered at different temperatures (Figure 3.37A) are shown together with the average glow curve
area value for each temperature (Figure 3.37B). Essentially, no changes are observed in the
shape of the glow curves, which suggests that the higher sintering temperatures do not lead to the
creation of new types of traps. Overall, there is a strong decrease in intensity trending toward
saturation for sintering temperatures above 1400 °C. Thus, the use of high sintering temperatures
is beneficial for LuAG:Pr polycrystalline scintillators by reducing the total concentration of
traps.
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Figure 3.37. (A) Surface area-normalized TL glow curves of the polycrystalline LuAG:Pr
sintered at different temperatures. The inset highlights the peak in the region of 50–150 °C. (B)
Surface area-normalized integral TL intensity as a function of sintering temperature.

3.4. Microstructure and luminescence of (Gd,Lu)3(Ga,Al)5O12:Ce (GLuGAG:Ce)
polycrystalline ceramic scintillators with various Gd/Lu ratios
In addition to simple garnets, multicomponent garnets were investigated, namely, Ce-doped
(Gdx,Lu3-x)(Ga,Al)5O12 (GLuGAG:Ce) with various Gd/Lu ratios.
SEM micrographs of the polycrystalline samples are displayed in Figure 3.38. Features
such as grains, grain boundaries, and pores can be easily seen. EDX results confirm the
progressive incorporation of gadolinium as the nominal Gd/Lu ratio is increased, as shown in
Figure 3.39a. A minor amount of calcium (ca. 0.25 at%) was also detected in “sintered only”
samples.
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The relationship between the microstructure of GLuGAG:Ce and the Gd/Lu ratio is
emphasized through the evaluation of the change in the average grain size. As shown in Figure
3.39b, the increase of Gd/Lu ratio results in the linear increase of average grain size from 1.28
µm (x = 0) to 3.67 µm (x = 0.9) for the “sintered only” samples, and up to 8.73 µm (x = 3.0) for
the HIPed samples.

Figure 3.38. SEM micrographs of GLuGAG:Ce polycrystalline ceramics taken with different
magnification.
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Figure 3.39. (a) EDX evaluation of Gd and Lu content in GLuGAG:Ce polycrystalline ceramics.
Dashed lines show stoichiometric amount of Gd and Lu for a given nominal Gd content. (b)
Evolution of the average grain size of the samples as a function of Gd content. Dotted line
provided for clarity.

Figure 3.40a shows the single cubic garnet structure of all GLuGAG:Ce polycrystalline
ceramics together with the standard ICDD data of the Lu3Al5O12 (LuAG; card #01-073-1368)
and Gd3Al5O12 (GAG; card #01-073-1371). Additionally, XRD data show a shift of the
diffraction peaks towards lower values of the 2θ angle with increasing Gd/Lu ratio (Figures
3.40b and 3.41a). This is a sign of a continuous expansion of the lattice due to the
accommodation of Gd3+, which has a larger ionic radius (1.053 Å for the coordination number
(CN) of VIII) relative to that of Lu3+ (0.977 Å; CN = VIII) [68]. Calculations of the lattice
constant as a function of Gd content confirms the expansion (Figure 3.41b).
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Figure 3.40. (a) XRD results of GLuGAG:Ce polycrystalline ceramics together with ICDD #01073-1368 (black bar plot for Lu3Al5O12) and #01-073-1371 (brown bar plot for Gd3Al5O12); (b)
Diffraction peak shift of GLuGAG:Ce at different Gd/Lu ratios.

Figure 3.41. (a) The peak position shift of the most intense diffraction peak and (b) change of the
lattice constant of GLuGAG:Ce at different Gd/Lu ratios. Dotted lines show the standard ICDD
data values for LuAG and GAG.
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Figure 3.42 shows the ATR FTIR spectra of the mixed garnet samples at ambient
temperature. GLuGAG garnet unit cell consists of Al and Ga cations centered in eight octahedral
sites and twelve tetrahedral sites and the rare-earth (RE) cations (Lu or Gd) occupying twelve
dodecahedral sites [2, 4]. It can be seen from Figure 3.42 that the vibrational modes of LuAG:Ce
ceramic (dotted line; shown for comparison) are more separated and better resolved than that of
the

GLuGAG:Ce

polycrystalline

ceramics.

This

is

so

because,

in

the

case

of

(Gd,Lu)3(Al,Ga)5O12 compounds, the structural distortion is induced in the polyhedra
(dodecahedra, octahedra, and tetrahedra) by the substitution of Lu with Gd ions and Al with Ga
ions. However, based on the analogy with YAG and LuAG [2, 4, 6], the vibrational modes can
be assigned as follows: an overlap of a translation mode of octahedral cations and a symmetric
bend of the tetrahedra between 400-450 cm-1, the asymmetric bends of the tetrahedra between
450-560 cm-1, and the asymmetric stretching modes of the tetrahedra between 560-900 cm-1.
Additionally, it can be seen from Figure 3.42 that the substitution of Lu with Gd ions shifts
the peak positions of the IR modes towards lower frequencies (redshift). This behavior is in
agreement with the results of the recent investigation of vibrational properties of (Gd,Y)3Ga5O12
compounds [69]. As it was discussed in the previous sections, the vibrational modes observed in
Figure 3.42 are mainly related to the motion of the Al and Ga tetrahedral; however, the
dodecahedra shares edges with both tetrahedral and octahedral. Consequently, substitution of Lu
with Gd ions results in the expansion of the dodecahera and is accompanied by distortion of the
tetrahedra. In such a manner, variation of the Gd/Lu ratio affects the position of the vibrational
modes and results in frequency dependence on the unit cell volume calculated using the lattice
parameter obtained earlier, as shown in Figure 3.43. All vibrational modes exhibit linear redshift
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as a function of the increasing cell volume with the more pronounced shift for the modes at
higher frequencies (note the slope of the linear fits in Figure 3.43).

Figure 3.42. Absorption ATR FTIR spectra of GLuGAG:Ce polycrystalline ceramics normalized
to the peak between 650-700 cm-1. Spectrum of LuAG:Ce ceramic investigated in the present
work is shown for comparison.
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Figure 3.43. Dependence of the peak position of the resolved IR modes on the unit cell volume
of GLuGAG:Ce polycrystalline ceramics. Dotted lines show linear fit of the experimental data.

The results of optical transmission measurements of the polycrystalline ceramics are
presented in Figure 3.44. The increase of the level of transparency from “sintered only” samples
to sintered and HIPed samples indicates densification of the samples. Absorption bands
corresponding to Ce3+ ions can be resolved between 400-500 nm (2.48-3.10 eV) and ca. 350 nm
(3.54 eV) corresponding to the 4f → 5d1 and 5d2 transitions, respectively. An additional Ce3+
absorption band related to a transition to the highest 5d level is located around 200-230 nm (5.46.2 eV) [70, 71]. Another absorption band between 230-330 nm (3.76-5.39 eV) was commonly
observed in the investigations of Ce-doped mixed garnets co-doped with Ca and was ascribed to
the charge transfer (CT) transition from O2– levels at the top of the valence band towards Ce4+
[72-77]. The presence of Ca2+ ions results in the increase of the stable Ce4+ fraction due to charge
compensation. In the present work, materials are not intentionally co-doped with Ca but, as it is
discussed earlier, EDX analysis reveals presence of some amount of Ca in the samples. Thus, it
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is reasonable to assign the absorption between 230-330 nm (3.76-5.39 eV) to the CT transition
between Ce4+ and O2–.

Figure 3.44. Transmission of GLuGAG:Ce polycrystalline ceramics at different Gd/Lu ratios.

PLE spectra of GLuGAG:Ce polycrystalline ceramics at different Gd/Lu ratios are
presented in Figure 3.45a. Broad excitation bands in the 2.35-3.25 eV (380-530 nm) and 3.253.85 eV (320-380 nm) ranges are related to the 4f → 5d1 and 5d2 transitions of Ce3+, respectively
[71, 78, 79]. The weak peaks at ca. 3.96 eV (313 nm), 4.03 eV (308 nm), and 4.10 eV (302 nm)
are caused by the 4f → 4f transitions of Gd3+ cations (8S7/2 → 6P7/2, 6P5/2, 6P3/2 transitions,
respectively) [80] which is an indication of the energy transfer between Ce3+ and Gd3+ ions. The
fine structure between 2.5-2.9 eV is due to the fine structure of the emission spectrum of the
xenon lamp [9].
It can be seen in Figure 3.45 that the increase of the Gd content causes the shift of the 4f →
5d2 transition of Ce3+ towards higher energies. Recent theoretical calculations based on the
chemical shift model [81] show that when Gd/Lu ratio is increased, the crystal field strength is
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also increased due to the larger Gd3+ cations, as shown in Figure 3.46. As a result, crystal field
splitting of the 5d level of Ce3+ becomes larger. Consequently, the energy distance between the
5d1 and 5d2 levels increases bringing 5d1 level closer and moving 5d2 level farther from the 4f
energy level of Ce3+, as schematically shown in Figure 3.46. In turn, the 4f energy level is
essentially unaffected by the variations in the crystal field due to the shielding from the electrons
of the outer orbitals of cerium. In such a manner, since the energy difference between the 4f and
5d2 levels increases with Gd content, the 4f → 5d2 excitation band shifts towards higher energies
as shown in Figure 3.45b. The observed behavior is in a good agreement with that reported for
the single crystalline film (SCF) [70] and powder [79] of similar compositions.

Figure 3.45. (a) Ce3+ related PLE of GLuGAG:Ce polycrystalline ceramics with different Gd/Lu
ratios; (b) Dependence of the peak position of the Ce3+ 4f → 5d2 excitation on Gd content in
comparison to the SCF [70] and powder [79] of similar compositions.
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a)

b)

Figure 3.46. (a) The binding energy (VRBE) for electrons in the 4f ground state and first two
excited 5d states of Ce3+ in the RE3(Al1-xGax)5O12 garnet compounds [81] (b) Schematic
representation of the increase of Gd/Lu ratio on Ce3+ levels in garnets.

PL spectra of GLuGAG:Ce polycrystalline ceramics at different Gd/Lu ratios are shown in
Figure 3.47a. The observed broad emission is related to the 5d1 → 4f transition of Ce3+ which is
an overlap between 5d1 → 4f (2F5/2) and 4f (2F7/2) transitions [9, 10] due to spin-orbit coupling
splitting in Ce3+ ions. Similar to the behavior of the excitation bands, the shift of the emission
peak position towards lower energies as a function of Gd content (Figure 3.47b) is related to the
increase in the crystal field splitting that causes the 5d1 level to move closer to the 4f energy level
(cf. Figure 3.46). This behavior is in agreement with that reported for SCFs [70] and single
crystals [78] of similar compositions. The nature of the shoulder centered around 1.85-1.9 eV is
discussed later.
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Figure 3.47. (a) Ce3+ related PL of GLuGAG:Ce polycrystalline ceramics with different Gd/Lu
ratios; (b) Dependence of the peak position of the Ce3+ 5d1 → 4f emission on Gd content in
comparison to the SCF [70] and single crystal [78] of similar compositions.

Besides Ce3+ related transitions, Gd3+ transitions are also observed, as already noted in
Figure 3.45a. More detailed PLE and PL of Gd3+ in GLuGAG:Ce polycrystalline ceramics are
shown in Figure 3.48a. Two emission lines at 3.96 eV (313 nm) and 4.03 eV (308 nm) are
observed under 4.53 eV (274 nm) excitation and ascribed to the 6P7/2 and 6P5/2 → 8S7/2 transitions
in the Gd3+ ion, respectively [80, 82]. PLE spectra monitored at 3.96 eV (313 nm) revealed three
excitation lines at 4.43 eV (280 nm), 4.48 eV (277 nm), and 4.53 eV (274 nm) related to the 8S7/2
→ 6IJ transitions of Gd3+ [72, 82]. Positions of the discussed emission and excitation bands are
independent of Gd content as expected since all of the aforementioned lines are part of the 4f →
4f transitions of Gd3+ and, thus, virtually unaffected by the changes in the surrounding crystal
field of the host material due to shielding provided by the outer electrons of the ion. On the other
hand, variation in the intensity of Gd3+ lines is observed as a function of Gd/Lu ratio, and the
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dependence is evaluated in Figure 3.48b through PL intensity integration over the 3.75-4.25 eV
range. PL integrated intensity curve exhibits a maximum at x = 0.3, and the overall phenomenon
is typically called “concentration quenching” [83]. First, the increase of Gd concentration leads
to an increase of the emission intensity since more Gd3+ ions can be excited and emit light.
Simultaneously, the increase of the concentration results in the decrease of the average distance
between the ions. As a result, when the amount of Gd3+ becomes above the critical value (x ≈
0.3, in the present case), energy migration between Gd3+ ions starts to dominate over radiative
de-excitation. In such a manner, the excitation energy is transferred over a large number of Gd3+
ions and eventually gets transferred to a killer center and is non-radiatively relaxed to the ground
state.

Figure 3.48. (a) Gd3+ related PLE (solid lines; Eem = 3.96 eV) and PL (dashed lines; Eex = 4.53
eV) of GLuGAG:Ce polycrystalline ceramics with different Gd/Lu ratios; (b) Concentration
quenching of Gd3+ emission in GLuGAG:Ce polycrystalline ceramic.
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In order to explore the presence of potential defects in GLuGAG:Ce polycrystalline
ceramics, further investigation of PL and PLE was performed. Additional luminescence from
GLuGAG:Ce with x = 0-0.9 is revealed in the 3-5 eV range (Figure 3.49). A luminescence center
with a broad emission at 3.26 eV (380 nm) and an excitation around 3.65 eV (340 nm), as shown
in Figure 3.49a, is assigned to the F+ centers according to [72, 73, 75]. An emission and
excitation observed at 3.02 eV (410 nm) and 3.32 eV (373 nm), respectively, as shown in Figure
3.49b, are reported in the investigation of LuAG:Ce to be related to the presence of oxygen
vacancies (VO) [42, 67]. The observed defect-related bands cannot be resolved in the case of
GLuGAG:Ce with x = 2.1 and 3.0 due to strong overlap with the emission/excitation bands of
another luminescence center to be discussed later.

Figure 3.49. (a) F+ related PLE (solid lines; Eem = 3.26 eV) and PL (dashed lines; Eex = 3.72 eV)
and (b) VO related PLE (solid lines; Eem = 3.02 eV) and PL (dashed lines; Eex = 3.32 eV) of
GLuGAG:Ce polycrystalline ceramics with different Gd/Lu ratios.
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Additionally to the Ce3+ and Gd3+ ions, that are intentionally incorporated in the
investigated materials, transitions related to the Eu3+ and Nd3+ are also detected by means of
photoluminescence (Figure 3.50). As it is noted in Figure 3.47a, Ce3+ emission band is
accompanied by a shoulder centered ca. 1.85-1.9 eV. Investigation of the PLE and PL spectra in
the 1.5-2.25 eV region (Figure 3.50a) revealed excitation and emission lines assigned to the 4f →
4f transitions of Eu3+ [84, 85]. The emission within 1.70-1.85 eV (670-725 nm) is due to multiple
5

D0 → 7F4 lines, the band at 1.95 eV (636 nm) corresponds to the 5D0 → 7F3 transition, and

emission at 2.03 eV (610 nm) is ascribed to 5D0 → 7F2. In the case of the PLE spectra, excitation
lines at 2.11 eV (588 nm) and 2.14 eV (579 nm) are due to 7F1 and 7F0 → 5D0 transitions of Eu3+,
respectively. In the case of Nd3+, its characteristic 4f → 4f transitions are observed in 2.75-5.0 eV
(Figure 3.51b) and 1.35-2.25 eV (Figure 3.50c) ranges [86-88]. PL and PLE seen in Figure 3.50b
are ascribed as follows: emission lines at 3.24 eV (383 nm) are an overlap between 2P3/2 → 4I9/2
and 4D3/2 → 4I11/2 transitions, emission at 2.96 eV (419 nm) is 2P3/2 → 4I11/2 transition, and
excitation at 4.68 eV (265 nm) is 4I9/2 → 2F5/2 transition overlapped with 8S7/2 → 6IJ lines of Gd3+
[86]. 8S7/2 → 6PJ excitation lines of Gd3+ can also be seen in 3.90-4.15 eV range. Investigation of
the PL and PLE close to near-IR range confirmed the presence of Nd3+, as shown in Figure
3.50c. Emission in 1.35-1.55 eV (800-920 nm) range is related to 4F3/2, 5/2 → 4I9/2 transitions [85,
88], and presence of excitation line at 2.11 eV (7F1,0 → 5D0 transitions of Eu3+) indicates the
energy transfer between Eu3+ and Nd3+ ions. Note that the PL and PLE spectra in Figures 3.50b
and 3.50c are only shown for the sample with x = 2.1 for clarity and the same discussion applies
to the other compositions investigated in this work.
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Figure 3.50. (a) Eu3+ related PLE (solid lines; Eem = 1.80 eV) and PL (dashed lines; Eex = 2.11
eV) and (b) and (c) Nd3+ related PLE (solid lines; (b) Eem = 3.24 eV; (c) Eem = 1.53 eV) and PL
(dashed lines; (b) Eex = 4.68 eV; (c) Eex = 1.68 eV) of GLuGAG:Ce polycrystalline ceramics. In
(b) and (c) cases, only spectra for the sample with x = 2.1 are shown for clarity.

It is important to note that the observed shoulder accompanying Ce3+ emission in Figure
3.47a, that led to the discovery of the presence of Nd3+ and Eu3+ in these GLuGAG:Ce
polycrystalline ceramics, can often be seen in the PL spectra of Ce-doped garnets [39, 71, 89-
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92]. The existence of the additional luminescent rare-earth elements (such as Eu3+ and Nd3+) can
negatively affect the performance of the garnet materials as scintillators, especially, since the
indication of the energy transfer from Ce3+ to Eu3+ (Figure 3.47a) is evident.
Lastly, scintillation performance of GLuGAG:Ce polycrystalline ceramics was quantified
based on the measurements of the light yield. As an example of these measurements, the pulse
height distributions of the investigated samples and a BGO single crystal irradiated with a 241Am
point source are shown in Figure 3.51, where photopeaks related to 13.9 keV and 59.5 keV γrays can be seen. Measurements using point sources with different γ-ray energies combined with
the extraction of the photopeak positions from each measurement allowed evaluation of the light
yield of the materials. Figure 3.52 presents the light yield and its linearity (also referred to as
“proportionality”) of the polycrystalline samples as a function of the γ-ray energy relative to a
BGO single crystal. “Sintered only” samples, with the exception of the x = 0.15 material,
revealed similar behavior, as seen in Figure 3.52a. Despite the “sintered only” samples being
opaque, their light yield value varied around the value for the BGO single crystal, thus showing a
good potential of these materials as scintillators. HIPed samples and the sample with x = 0.15, on
the other hand, showed very linear behavior (Figure 3.52b) with the light yield value consistently
higher than that of the BGO. The most promising results are obtained for the
(Gd2.1,Lu0.9)(Al,Ga)5O12:Ce (x = 2.1) polycrystalline ceramic that showed the light yield to be ca.
2.45±0.2 times higher (average value over 14-835 keV range) than that of the BGO single crystal
despite the fact that the HIPed samples are only translucent.
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Figure 3.51. Pulse height distribution of GLuGAG:Ce polycrystalline ceramics with different
Gd/Lu ratios and BGO single crystal excited with 241Am (photopeaks are related to 13.9 keV and
59.5 keV).

Figure 3.52. Light yield of GLuGAG:Ce polycrystalline ceramics relative to the light yield of
BGO single crystal for each γ-ray energy used. (a) “Sintered only” samples, (b) HIPed samples.
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3.5. Luminescence investigation of Ce incorporation in garnet-type Li7La3Zr2O12 [93]
Additional to the investigation of known luminescent garnet materials, luminescent
properties of Ce-doped garnet-type Li7La3Zr2O12 (LLZO:Ce), as a potentially new material for
scintillation applications, were examined in the present work.
Figure 3.53 shows XRD results of undoped and Ce-doped Li7(La1-xCex)3Zr2O12 with 0 ≤ x
≤ 0.05 that reveals the structural evolution of LLZO upon Ce incorporation. Undoped LLZO has
tetragonal structure (183684-ICSD; [94]) composed of La(1)O8 and La(2)O8 dodecahedra, ZrO6
octahedra, and Li octahedra and tetrahedral [95]. Up to about x = 0.01, the host remains
essentially tetragonal LLZO though minor distortions in the diffraction peaks can be observed.
Further cerium incorporation lead to structural changes that culminate in a different structure for
x = 0.05 that corresponds to a combination of cubic LLZO (261302-ICSD; [96]), and a
secondary phase Ce4O7 (PDF#:65-7999). Li2ZrO3(PDF#:330843) is also observed as a secondary
minor phase.

142

Figure 3.53. XRD results of Li7(La1-xCex)3Zr2O12 with x = 0, 0.005, 0.01, 0.03, and 0.05,
together with calculated diffractograms of cubic and tetragonal LLZO based on 261302-ICSD
[96] and 183684-ICSD [94], respectively. The position of the diffraction peaks from minor
phases are indicated.

Figure 3.54 summarizes the RL results at room temperature. Undoped and Ce-doped LLZO
present broad emission bands within the spectral range of about 2–3.5 eV. Incorporation of Ce
changes the emission spectra, with the centroid shifting to lower energies compared to undoped
LLZO. Spectra of LLZO with Ce content up to x = 0.03 are similar in shape and spectral range,
while, for x = 0.05, a distinct spectrum shift to even lower energies is observed. Spectral analysis
by means of Gaussian bands deconvolution (dotted lines) reveals the emission spectrum of
undoped tetragonal LLZO to be composed of a single band centered at 2.84 eV. This band has
been reported before and was attributed to the Zr-O charge transfer (CT) transition [97]. At room
temperature, within the 0.005 ≤ x ≤ 0.03 compositional range, the spectra are deconvoluted with
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two Gaussian bands (dotted lines) centered at about 2.41 and 2.78 eV, and, for x = 0.05, an
additional band centered at about 2.15 eV is necessary to achieve reliable spectral deconvolution.

Figure 3.54. a) Normalized RL spectra of Li7(La1-xCex)3Zr2O12 with x = 0, 0.005, 0.01, 0.03,
and 0.05 obtained at room temperature. Gaussian band deconvolution of RL spectra for
b) x = 0, c) x = 0.005, d) x = 0.01, e) x = 0.03, and f) x = 0.05.
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The behavior of the peak position of the individual Gaussian bands is presented in Figure
3.55a and shows that Ce incorporation into LLZO quenched the intrinsic Zr-O CT transition, and
that Ce occupies two distinct crystallographic sites, as expected from its substitution for La. The
difference in energy of 0.37 eV between the two emission bands in tetragonal LLZO:Ce is in
very good agreement with the difference observed between the emission bands of Ce3+ in two
distinct crystallographic sites in Gd2SiO5 [98], while being too high to be attributed to spin-orbit
splitting typically on the order of 0.2-0.25 eV. Figure 3.55b presents the 2.41/2.78 integrated
band intensity ratio. The behavior of the intensity ratio as a function of the Ce content suggests
an increasing preference for Ce to be incorporated into the site responsible for the band located at
2.41 eV. Since the ionic radius of La3+ is slightly larger than that of Ce3+ [68], and since the LaO distances are overall longer in La(1)O8 than in the La(2)O8 sites (ca. 0.259 and ca. 0.254 nm,
respectively [95]), easier incorporation of Ce3+ into La(1)O8 sites is expected, suggesting the
2.41 eV band is associated with Ce3+ occupying these sites. The band at 2.15 eV is attributed to
Ce emission in cubic LLZO.
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Figure 3.55. a) Peak position of Gaussian bands used in the deconvolution of RL spectra
obtained at room temperature, and b) 2.41/2.78 integrated band intensity ratio as a function of the
nominal Ce content.

The effects of temperature on RL are presented in Figure 3.56 for x = 0, 0.005, and 0.01 for
selected temperatures between room temperature and 250 °C. Already by 50–60 °C, thermal
quenching reduces intensity by about half. At 250 °C the emission is negligible for undoped
LLZO and weak for the Ce-doped materials, with higher Ce contents yielding higher thermal
stability.
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Figure 3.56. RL spectra obtained at different temperatures for a) x = 0, b) x = 0.005, and c) x =
0.01. The color indicates the temperature at which the spectrum was taken.

In Figure 3.57, the results of the spectral deconvolution are presented as a function of
temperature. Similarly to the room temperature data, the emission from undoped LLZO is fitted
with one Gaussian band, while for x = 0.005 and 0.01 two bands are used. Figure 3.57a shows
the evolution of the peak position of the Gaussian bands as a function of the temperature. The
band centered at 2.84 eV (at room temperature) observed only in undoped tetragonal LLZO
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shows a small shift toward lower energies, from 2.84 to 2.82 eV. In the case of x = 0.005 and
0.01, both bands shift to lower energies, from 2.78 to 2.34 eV and from 2.41 to 1.95 eV (average
values), respectively, over the entire temperature range, with the 2.41 eV band stabilizing at 1.95
eV at about 150 °C. Figure 3.57b shows the 2.41/2.78 integrated band intensity ratio for LLZO
with x = 0.005 and 0.01 as a function of temperature. These results show that, while
luminescence is dominated by the emission of the 2.41 eV band at room temperature/low
temperatures, depending on the Ce concentration, the center responsible for this emission is more
strongly thermally quenched than the center responsible for the 2.78 eV band. Different thermal
stability of Ce occupying nonequivalent crystallographic sites was also observed in Gd2SiO5:Ce
[98]. The distinct thermal behavior of each of the emission bands centered at 2.84, 2.78, and 2.41
eV demonstrate the different nature of the respective luminescence centers associated to these
bands.

Figure 3.57. Results of Gaussian band spectral deconvolution as a function of temperature for
x = 0.005, and 0.01: a) peak position, and b) integrated band intensity ratio.
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CHAPTER FOUR
CONCLUSIONS AND FUTURE WORK

4.1. Conclusions
1. A detailed comparison between polycrystalline ceramic and single crystal scintillators,
including several compositions (YAG:Ce, LuAG:Ce, LuAG:Pr, GLuGAG:Ce) was performed in
terms of their microstructure, luminescence and scintillation.
2. Some reasons for lower performance of polycrystalline ceramic scintillators were
identified:
a. Lower optical transparency
b.

Higher level of structural disorder

c.

Higher luminescence self-absorption

3. Results suggest that polycrystalline ceramics has shallower traps that single crystal
4. The first systematic evaluation of microstructure, luminescence, and scintillation
performance of GLuGAG:Ce in the form of polycrystalline ceramics was conducted.
5. In the attempt of materials discovery, LLZO:Ce was fabricated and its luminescent
properties investigated for the first time.
6. Detailed evaluation of thermoluminescence of LuAG:Ce and YAG:Ce above room
temperature was accomplished.
7. Demonstrated the capability of ATR FTIR for the characterization of polycrystalline
ceramic scintillators.
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4.2. Future work
• Expand TL evaluation of YAG:Ce and LuAG:Ce by means of different methods of TL
analysis, including Tm-Tstop method and method of multiple heating rates with heating rate range
below 1 °C/sec.
• Prepare and characterize ceramics with the same density but different grain sizes to
broaden investigation of microstructure influence on the materials performance.
• Perform RL and TL of GLuGAG:Ce to complete the investigation of their luminescent
properties.
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